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1. Introduction 

Twenty-five transcripts from genes related to the 
Drosophila Shaker gene (the Sh gene family) have been 
identified in mammals by molecular methods. Sh tran- 
scripts are thought to encode subunits of tetrameric 
voltage-gated channels. However, the relationship 
between native K"" channels and the molecular com- 
ponents identified by cloning, and thereby the physio- 
logical significance of this molecular diversity, remain 
to be elucidated. 

Sh genes and their products can be divided into 
four subfamilies. Compelling evidence suggests that 
subunits of the same subfamily, but not of different 
subfamilies, form heteromultimeric channels in vitro; 
thus, each gene subfamily is poshilated to encode 
components of an independent channel system. The 
potential significance of heteromultimer formation 
demonstrates the importance of studying the genes 
of one subfamily as a group when the physiological 
role of any of these genes is being pursued. This chap- 
ter focuses on the characterization of the S/wzy-related 
or ShlJl subfamily in mammals, emphasizing the work 
done to understand the relationship between cloned 
components and native K"' chaimels. This work illus- 
trates how molecular biology may contribute to 
the discovery of new, previously unidentified 
chaimels. 



II. Molecular Diversity 
and Neuronal Function 

Diversity is an old and recurring theme in the orga- 
nization and function of the nervous system. The early 
neuroanatomists recognized that the large variety of 
neuronal forms must be associated with functional 
specialization. The application of intracellular re- 
cording techiuques to the nervous system several de- 
cades later revealed a similar diversity of intrinsic elec- 
trophysiological properties of neurons. This theme is 
re-emerging in the study of the molecules responsible 
for the generation and' transmission of signals in 
neurons. 

Large numbers of protein components of ligand- 
and voltage-gated ion channels as well as neurotrans- 
mitters and neuropeptide receptors (which modulate 
the activity of ion channels through intermediary sec- 
ond messenger cascades) are being discovered by mo- 
lecular cloning (Betz, 1990,1992; Cockroft et al, 1990; 
Buck and Axel, 1991; Catterall, 1992; Gasic and Holl- 
mann, 1992; HiUe, 1992; Nakanishi, 1992; Neher, 1992; 
Role, 1992; Sommer and Seeburg, 1992; Wisden and 
Seeburg, 1992; JesseU and Kandel, 1993; Sargent, 
1993). This diversity suggests a degree of functional 
specificity well beyond that previously considered 
and that the power of generating variation by gene 
duplication and divergence played a role in the gener- 
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ation of complexity in the nervous system of animals 
with elaborate nervous systems. These studies will 
influence our views on the organization and function 
of the nervous system. 

Much of the cloning work has been done in the 
absence of prior isolation of native proteins. There- 
fore, the exact relationship between the molecular 
components identified by cloning and the native chan- 
nels or receptors is, in most cases, not known. There- 
fore, the physiological significance of the molecular 
diversity that is being discovered remains to be eluci- 
dated. 

One notable example is the large number of sub- 
units of y-aminobutyric add (GABAa) receptors that 
has been cloned (reviewed by Seeburg et al., 1990; 
Wisden and Seeburg, 1992; see also Chapter 21). Since 
GABAa receptors are thought to be pentameric, the 
variety of receptors that could be generated from dif- 
ferent combinations of these subunits is truly stag- 
gering, suggesting variations in synaptic inhibition 
that were not previously expected. New views on 
neuronal integration are likely to emerge from under- 
standing the physiological significance of this molecu- 
lar diversity. Although the problem is complex, prog- 
ress is being made in determining which combinations 
of subunits may exist in vivo and where they might be 
present (Wisden and Seeburg, 1992), in establishing 
functional differences between receptors with differ- 
ent subunit combinations reconstituted in model ex- 
pression systems (Seeburg et al., 1990; Sigel et al., 
1990; Verdoom et al, 1990), and in determining the 
possible roles of specific isoforms in brain function 
(Korpi et al, 1993). A similar problem exists for the 
components of K"*" channels that have been identified 
by cloning methods. 



IIL Families of K"*" Channel Genes 

K"^ channels, a group of ligand- and voltage-gated 
channels that conduct K:^ ions preferentially, are pres- 
ent in most, if not all, eukaryotic cells. These channels 
play key roles in a wide range of cellular functions 
including excitability, secretion, differentiation, mito- 
genesis, and osmotic regulation (e.g., Thompson and 
Aldrich, 1980; Klein et al, 1982; Llinas, 1984,1988; Pe- 
terson and Maruyama, 1984; Adams and Galvan, 
1986; Kaczmareck and Levitan, 1987; Levitan, 1988; 
Lewis and Cahalan, 1988; Rudy, 1988; Latorre et al, 
1989; Grinstem and Smith, 1990; Hille, 1992; Dubois 
and Rouzaire-Dubois, 1993). Among the ion channels, 
K"^ channels constitute a group exhibiting particularly 
large functional diversity (Rudy, 1988; Latorre et al, 
1989; Hille, 1992); K"^ channel types vary in their re- 



sponse to factors, such as intracellular Na"*" and Ca^"^ 
concentrations and the membrane potential, that de- 
termine the opening and closing of the channel. 
channels also vary in kinetics, permeability proper- 
ties, and sensitivity and type of response to toxins', 
drugs, and modulating factors such as second mes- 
senger cascades. This diversity allows a fine tuning 
of resting membrane potentials and action potential 
waveforms, and a modulation of firing and neuro- 
. transmitter-secretion patterns (Klein et al, 1982; Kacz- 
mareck and Levitan, 1987; Rudy, 1988; Levitan, 1988; 
Llinas, 1988; McCormick, 1990; Baxter and Byrne, 
1991; Hille, 1992). Since K"^ channels are frequently 
targets of second messenger cascades, their diversity 
influences the type of cellular response to different 
types of stimuli (Kaczmareck and Levitan, 1987; Levi- 
tan, 1988; Lopez-Bameo etal, 1988; Rudy, 1988; Hille, 
1992). Alterations in excitability may arise by differen- 
tial spatiotemporal expression of K"^ channels. 
. Molecular cloning of K"*" channel components is an 
enterprise that began with the cloning of the Shaker 
locus in Drosophila (Baumarm et al, 1987; Kamb et 
a!,, 1987; Papazian et al, 1987; Tempel et al, 1987). 
Subsequent work has revealed a molecular diversity of 
K"^ channel components that parallels the functional 
diversity of K"^ channels in vivo. Over 30 different 
cDNAs corresponding to transcripts from several 
gene families have already been discovered (Fig. 1). 
Of these families, the one consisting of homologs of 
the Drosophila Shaker gene (called here the Shaker or 
Sh gene family) encoding putative subunits of voltage- 
gated K"^ channels (reviewed in Jan and Jan, 1990a; 
Pemey and Kaczmareck, 1991; Rehm and Tempel, 
1991; Rudy et al, 1991a; Pongs, 1992) has been studied 
most extensively and is the subject of this review. 

A, Sh Proteins: Putative Subunits of 
Voltage-Gated Channels 

Nearly 20 Sh genes have been identified in mam- 
mals. Based on sequence similarities and, hence, 
probable evolutionary relationships, the family is di- 
vided into four groups or subfamilies (reviewed by 
Jan and Jan, 1990a; Pemey and Kaczmareck, 1991; 
Rudy, et al, 1991a; Pongs, 1992; Salkoff et al, 1992; 
see also Chapter 1) designated here as Shi, Shll, Shlll 
and S/iIV. A member of a subfamily in mammals is 
also more similar to one of four related Drosophila 
genes (Shaker, Shab, Shaw, and Shal; Butler et al, 1989; 
Wei et al, 1990) than to a mammalian member of a 
different subfamily, suggesting that these subfamilies 
are derived from precursors that existed prior to the 
divergence of mammals and insects. Shi mammalian 
genes are thought to be homologs of Shaker, ShU of 
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FIGURE 1 Families of channel subunits. Three different types 
of protein subunits of channels are shown. (Top) chan- 
nel proteins of the S4 superfamily include those of the Sh and 
eag families, which are components of voltage-gated chan- 
nels, as well as those of the slo family, which are components 
of caldum-activated channels. This superfamily also includes 
cyclic nucleotide-gated channels and the a subunits of voltage- 
gated Na-' and Ca^^ channels (Jan and Jan, 1990b). channel 
proteins of the S4 superfamily and cyclic nucleotide-gated channel 
proteins contain six membrane spanning domains (including an 
S4 domain) and a pore domain (with an H5-like sequence on 
channels); four such polypeptides form one functional channel, a 
subunits of voltage-gated Na + .and Ca^"^ channels consist of four 
homologous domains, each resembling a channel or cyclic 
nucleotide-gated channel protein (Catterall, 1988). {Middle) Inward 
rectifier channel proteins, also proposed to form tetrameric 
channels (Kubo et ai, 1993), contain two membrane spanning do- 
mains and one H5-like pore domain. (Bottom) The Isk protein ex- 
presses slowly activating voltage-dependent currents and con- 
tains a single membrane spanning dontain and no ,H5 domain. 
How many such subunits form a functional channel is not known 
(Takumief a/., 1988). 

Shab, Skill of Shaw, and ShlV of Shal. Multiples genes 
of each subfamily have been described in mammals 
{Shi 7; ShU, 2; Shlll 4; and ShIV, 3), indicating that, 
in the chordate line (Deuterostomia), the precursors 
underwent extensive duplication and subsequent 
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variation, leading to a large number of closely related 
genes. In addition, two Sh cDNAs isolated from rat 
libraries may define two additional subfamilies 
(Drewe et al, 1992). Moreover, mammalian SWII- 
genes encode more than one product by the process 
of alternative splicing (Luneau et al., 1991a,b; Rudy et 
al, 1992; Vega-Saenz, de Miera et al, 1992), leading 
to the existence of 25 known Sh transcripts. All these 
transcripts are expressed in brain, and some are ex- 
,pressed in other tissues as well. 

Each Sh transcript induces the expression of volt- 
age-dependent.K"^ currents with characteristic voltage 
dependence and kinetic and pharmacological proper- 
ties when introduced in heterologous expression sys- 
tems such as Xenopus oocytes^and cells in culture (Jan 
and Jan, 1990a; Pemey and Kaczmareck, 1991; Rudy 
etal, 1991a; Pongs, 1992;Salkoff a/., 1992). Evidence 
strongly suggests that the channels underlying these 
currents are homomultimers (Jan and Jan, 1990a; Per- 
ney and Kaczmarek, 1991; Rudy et al, 1991a; Pongs, 
1992, Salkoff et al, 1992), probably tetramers of Sh 
proteins (MacKinnon, 1991a; Liman et al, 1992). 
Therefore, the proteins encoded by Sh transcripts are 
likely to be subunits of voltage-gated channels 
found in neurons and other cells. One of the current 
challenges is understanding the functional roles of the 
cloned products, beginning with the identification of 
native voltage-gated K"^ charmels that contain these 
components. 

B. Heteromultitner Formation and Channel 
Subunit Composition 

Compelling evidence exists that in vitro coexpres- 
sion of different subunits from the same subfamily, 
but not from different subfamilies, results in the formation 
of electrophysiologically distinct heteromultimeric 
channels (Christie et al, 1990; Isacoff et al, 1990;. K. 
McCormack et al, 1990; Ruppersberg et al, 1990; Co- 
varnibias et al, 1991; Weiser et al, 1993). The signifi- 
cance of heteromultimer formation in determining 
channel composition in vivo is still not fully appreci- 
ated. Other factors, such as interaction with non-Sh 
subunits and posttranslational modifications, may 
also contribute to the functional properties of na- 
tive channels containing Sh proteins (Rehm and Las- 
dunzky, 1988; Rehm et al, 1989a,b; Rudy et al, 
1988,1991a; Warmke et al, 1991; Zhong and Wu, 
1991). Further, the influence of heteromultimer forma- 
tion, interaction with non-S/z subunits, and posttrans- 
lational modifications could vary from cell to cell. K"^ 
charmel diversity arising from these factors may con- 
tribute to the individualities in electrophysiological 
properties of single neurons in the nervous system. 
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Given the number of subunits available and of fac- 
tors that could determine channel composition in vivo, 
the task of understanding the relationship between 
the diversity of molecular components and the func- 
tional diversity of K"*" channels is far from simple. 
These problems are symptomatic of the challenge that 
follows the isolation of cloned gene products: the right 
pieces are available but we must discover what they 
do. This chapter focuses on work that addresses this 
problem for the products of the ShlJl or S/iflw-related 
subfamily of K*^ channel genes. 



Kv3.i 




Kv3.2 




IV. Toward an Understanding of the 
Functional Role of Mammalian 
Shaw-Related Proteins 

A. Four Shavf'Related Genes Encode 
at Least 11 Transcripts 

As in the other mammalian Sh subfamilies the Shaw- 
related or ShBl subfamily consists of several genes 
formed by gene duplication throughout animal evolu- 
tion. However, this group is the only class of Sh genes 
in mammals for, which evidence exists of alternative 
splicing also contributing to the generation of diver- 
sity. Researchers have isolated 11 different Shlll 
cDNAs from libraries derived from rodent and human 
mRNA (Yokoyama et aL, 1989; T. McCormack et al, 
1990,1991; Luneau et al, 1991a,b; Rudy et al, 
1991b,1992; Senetal, 1991; Schroter a/., 1991; Ghan- 
shani et al, 1992; Vega-Saenz de Miera et al, 1992). 
Based on sequence analysis, these cDNAs are thought 
to represent transcripts from four different genes that 
generate more than one product by alternative splic- 
ing (Fig. 2). 

Various names for the four SHII genes and their 
products are shown in Table I. This table also includes 
the corresponding names in a standardized nomencla- 
ture proposed by several investigators in the field 
(Chandy et al, 1991) and the name assigned to each 
gene by the Human Genome Nomenclature Commit- 
tee. The nomenclature of Chandy et al will be imple- 
mented throughout this chapter, 

1. Evidence for the Existence of Four ShlW Genes 

The nucleotide sequences of the cDNAs thought 
to be products of independent genes differ through- 
out the length of the cDNAs, suggesting that they are 
derived from transcripts of distinct genes rather than 
by alternative splidng. The analysis of genomic clones 
(see subsequent discussion) and the locations of S/iIIl 
genes in human and mouse chromosomes (Table II) 
are further evidence that the eleven transcripts are 
derived from four independent genes. 



Kv3.3 




Kv3.3a 



Kv3.3b 




Kv3.4 



FIGURE 2 ShUl channel subunits. Four mammalian Shaw- 
related genes KV3.1, KV3.2, KV3.3, and KV3.4 encode 11 different 
channel subunit isoforms by alternative splicing. 



TABLE I 


Nomenclature of 5^ati;'Related Channel 




Transcripts in Mammals 




Name used in this 




chapter* 


Other names 


Gene symbol'' 


KV3.1a 


NGK2, RKShlDB, 


KCNCl 




KShniB, KV3,lp 




KV3.1b 


KV4, KV3.1a, Raw2 




KV3.2a 


RKShlUA, (R)KShmA.l 


KCNC2 


KV3.2b 


KShmA.3 




KV3.2C 






KV3.2d 


KShinA.2, Rawl 




KV3.3a 


KShlHD.l 


KCNC3 


KV3.3b 


KShIIID.2 




KV3.4a 


Raw3 


KCNC4 


KV3.4b 


(H)(R)KShIIIC 




KV3.4C 







" Nomenclature based on Chandy et al, (1991). 
* Symbol assigned to the gene by the human genome nomeiicla* 
ture committee. 
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TABLE II Chromosomal Localization of Skill Genes in 
Mice and Humans 



Gene 


Chromosomal location 
(mice) 


Chromosomal location 
(human) 


KCNCl 


7(a) 


llpl5 (b,c) 


KCNC2 


10 (a) 


12 (c); 19 (a) 


KCNC3 


10 (a); 7(d) 


19ql3.3-4 (a,e) 


KCNC4 


NA 


lp21 (e,f ) 



Mapping references are (a) Haas et al, 1993; (b) Ried et a/., 1993; 
(c) Grissmer et al, 1992; (d) D. Lau, V. Clarke, P. D'Eustachio, and 
B. Rudy, unpublished observations; (e) Ghanshani et al, 1992; 
(f) Rudy ef fl/., 1991b. - 

NA, not available. The discrepancies in the locations of KCNC3 
in mouse and KCNC2 in human remain to be clarified. 



2. Alternative Splicing Generates Carboxyl-End 
Skill Variants 

Putative alternatively spliced transcripts of each 
gene have identical nucleotide sequences from the 
assumed starting ATG up to a point of divergence 
near, but prior to, the in-frame stop codon, predicting 
protein products with different carboxyl ends (Fig. 3). 
Mature transcripts from each gene diverge at the same 
point in the sequence, following an AG, the dinucleo- 
tide characteristic of the exonic portion of donor or 5' 
splice junctions (Mount, 1982). These sequence rela- 
tionships suggest that the different transcripts arise 
by alternative splicing of a primary transcript rather 
than by transcription from separate but highly homol- 
ogous genes. In two cases, KV3.1 (Luneau et al, 
1991a) and KV3.2 (Luneau et al, 1991b), support for 
the alternative splicing mechanism comes from analy- 
sis of rat genomic DNA in Southern blots. Probes 
derived from the sequence preceding the point of di- 
vergence detected a single restriction fragment for 
each gene in Southern blots of rat genonuc DNA hy- 
bridized under high stringency conditions. This result 
indicates that the genes identified by those probes are 
represented only once in the rat genome. 

B. Patterns of Alternative Splicing and 
Genomic Structure 

Given the results of partial genomic analysis of the 
KV3.1 (Luneau et al, 1991a), KV3.3 (Ghanshani et al, 
1992), and KV3.2 (D. Lau and B. Rudy, unpublished 
observations) genes, as well as analysis of cDNAs 
thought to be derived from incompletely processed 
RNAs (E. Vega-Saenz de Miera and B. Rudy, unpub- 
lished observations), all ShlU genes apparently have 
a similar structure. This hypothesis is consistent with 



the idea thai all four genes arose by duplication of a 
single ancestral gene. This possibility is further borne 
out by the patterns of alternative splicing of Sftlll 
genes (Fig. 4), 

As depicted in Fig. 4, the amino end of the proteins 
is encoded in a single exon (exon 1) that is constitu- 
tively spliced in the four genes to a downstream exon 
(exon 2) encoding most of the membrane core portion 
of the polypeptides,^ from the beginning of the SI 
.domain to a point in the carboxyl end region following 
the S6 domain. Evidence ^that the amino end is en- 
coded in a single exon comes from the analysis of 
rodent genomic clones of KV3.3 (Ghanshani et al, 
1992) and KV3.2 (D. Lau and B. Rudy, unpubHshed 
results). Exon 2 has been identified in genomic clones 
of KV3.1 (Luneau et al, 1991a), KV3.2 (D. Lau and B. 
Rudy, unpublished results), and KV3.3 (Ghanshani 
et al, 1992). The data are consistent with the presence 
of two sites of alternative splicing in ShJR genes: the 
first at the end of exon 2 andjhe second at the end 
of exon 3. In two of the four S/zIII genes, KV3.1 (Lu- 
neau et al, 1991a) and KV3.3 (Vega-Saenz de Miera 
et al, 1992), the sequence immediately following exon 
2 is either read through, generating KV3.1a and 
KV3.3b, or spliced out and replaced by exons present 
downstream to generate KV3.1b and KV3.3a. In 
KV3.1a and KV3.3b, the nucleotide sequence follow- 
ing the AG at the end of exon 2 starts with GT, the 
dinucleotide characteristic of the intronic portion of 
5' splice sites (Mount, 1982), supporting the idea that 
the divergent region of these transcripts is derived 
from the sequence following the splice site. 

Genonuc DNA analysis provides direct evidence 
for this "splice/don't splice" alternative splicing 
mechanism (McKeown, 1992). Utilizing polymerase 
chain reaction (PGR) of rat genomic DNA, Luneau et 
al (1991a) demonstrated that the sequence encoding 
the divergent 3' end of KV3.1a is contiguous with 
exon 2. These investigators also isolated a rat genomic 
clone that contains two exons encoding the divergent 
sequence of KV3.1b (exon 3 and exon 4). The 5' end 
of exon 3 of the KV3.1 gene starts with the sequence of 
KV3. lb immediately following the point of divergence 
and extends 188 bp in the 3' direction. Exon 4, sepa- 
rated from exon 3 by an intron, contains the remainder 
of the 3' end of KV3.1b. In the case of the KV3.3 gene, 
Ghanshani et al (1992) isolated a mouse genomic clone 



^ As described in Section IV,G, SftlH proteins flike other Sh 
proteins) consist of a core membrane region with six putative (SI, 
S2, S3, S4, S5, and S6) membrane-spanning domains flanked by 
putatively intracellular amino and carboxyl domains. 
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FIGURE 4 Genomic structure and patterns of alternative exon 
usage of four ShUl genes. In this schematic depiction of the structure 
of the coding regions of four Shm genes, exons are indicated by 
numbered filled boxes, and introns are indicated by lines. Broken 
lines in KV3.1, KV3.3, and KV3.4 indicate sequences that are read 
through to generate one alternatively spUced transcript or spliced 
out and replaced by downstream exons to generate other mature 
transcripts. Exon 4 contains an internal acceptor site in KV3.2 and 
KV3.4, The region of the exon preceding this acceptor site is cross- 
hatched. Lengths of exons and introns are not necessarily to scale. 



in which the divergent sequence of KV3.3b is contigu- 
ous with the sequence of exon 2. Although the exons 
encoding the carboxyl end of KV3.3a have not been 
identified, the structure of the KV3.3 gene in this 
region is suspected to be similar to that of the KV3.1 
gene, based mainly on the sequence similarities be- 
tween the divergent sequence of KV3.1b and KV3.3a 
transcripts (Vega-Saenz de Miera et a/., 1992), particu- 
larly in the region postulated to be encoded by exon 
3 (Fig. 5). 

In contrast to the KV3.1 and KV3.3 alternatively 
spliced variants, none of the divergent KV3.2 carboxyl 
ends identified to date begin with GT, suggesting that 
KV3.2 variants arise by a different splicing mecha- 
nism. Sequence comparisons also suggest that the site 
of alternative splicing in KV3.2 is different than that 
in KV3.1 and KV3.3. The region shared by all KV3.2 
transcripts extends beyond a site equivalent in posi- 



Hon to the end of exon 2 in KV3. 1 and KV3.3 (indicated 
with an arrow in Fig. 11) by 165 bp. Moreover, this 
additional sequence shows significant similarity (Fig. 
5) to exon 3 of the other genes. Therefore, alternative 
splicing of KV3.2 may take place at the end of exon 
3 rather than at the end of exon 2. 

No direct information is available on how the 
kngwn KV3.2 variants are generated. However, se- 
quence analysis suggests that the KV3.2a and KV3.2b 
variants arise from the use of. alternative exons that 
follow exon 3'. (Fig. 4). The'number and position of 
these exons in genomic DNA might differ from that 
shown in Fig. 4. The sequence of KV3.2d, immediately 
following the splicing point, is found in KV3.2a 95 bp 
downstream (see Fig. 3). After.this new overlap, the 
two sequences are identical. Thus, KV3.2d may arise 
by use of an internal acceptor site in the same exon 
used to generate KV3.2a, as suggested in Fig. 4. 
Luneau et al (1991b) isolated a partial cDNA that may 
correspond to a fourth alternatively spliced KV3.2 
transcript (KV3.2c). However, these investigators 
were unable to amplify the 5' end of this cDNA with 
primers derived from the 5' end of KV3.2a. Further 
characterization is required to understand whether 
this is a bone fide transcript of the KV3.2 gene and how 
it is generated. 

Both alternative splice sites of ShlU genes (at the 
end of exon 2 and at the end of exon 3) described 
so far appear to be used to generate KV3.4 variants, 
although no genomic evidence exists in this case. 
KV3.4b, which has only been found in humans, di- . 
verges from KV3.4a and KV3.4c at the same point as 
KV3.1 and KV3.3 variants. Further, the nucleotide 
sequence of KV3.4b immediately after the divergence 
starts with GT, as in KV3.1a and KV3.3b. This obser- 
vation is consistent with the hypothesis that KV3.4b 
arises by reading through the sequence immediately 
following exon 2 of the KV3.4 gene, KV3.4a and 
KV3.4c, which have only^been identified in rat, have 
an identical 204-bp sequence following their diver- 
gence from KV3.4b. This sequence also shows sigiufi- 
cant sequence similarity with the sequence thought 
to derive from exon 3 in KV3.1b, KV3.2, and KV3.3a 
transcripts (Fig. 5). Thus, the alternative splicing in 
this case is likely to take place at the end of exon 3. The 
relationship between KV3.4a and KV3.4c is similar to 
the relationship between KV3.2a and KV3.2d. The 
sequence of KV3.4c immediately following the splice 
point is found 62 bp downstream in KV3.4a. After 
this new overlap, the two sequences are identical. 
These differences suggest an internal acceptor splicing 
mechanism, as in the case of KV3.2a and KV3.2d. 

Except for KV3.3b and KV3.4c (which have not 
been tried) all alternatively spliced S/iIII transcripts 
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identified here are found in brain poly(A)-selected 
mRNA and express currents in Xenopus oocytes (Yo- 
'koyama et al, 1989; T. McCormack et al, 1990; Luneau 
et al, 1991a,b; Rudy et al, 1991b4992; Schroter et al, 
1991; Vega-Saenz de Miera et al, 1992; Weiser et al, 
1994). These results support the notion that these 
cDNAs represent real transcripts rather than the result 
of priming of unprocessed pre-mRNA. 

1. Alternative Splicing of 5' UTR 

The previous section discussed alternative splicing 
of SWII genes 3' to the putative initiation codon. How- 
ever, Kentros et al (1992) have isolated cDNA clones 
of KV3.2 containing two different 5' untranslated re- 
gions (5'UTRs) as well, which they have designated 
a and /3. Northern blot analysis of rat brain poly(A) 
RNA with probes specific to these two 5' UTRs shows 
hybridization to the major bands seen with coding 



region probes, whereas PCR experiments with prim- 
ers specific to both a and ^ show that both 5' UTRs 
can be associated with more than one of the various 3' 
coding region, alternatively spliced variants of KV3.2; 
These experiments suggest that both 5' UTRs are not 
simply the result of unspliced RNA. Alternative splic- 
ing of the 5' UTR was also reported for KVl . 1 a Shaker- 
related gene (Tempel et al, 1988). 

O Multiple Transcripts of Each ShIII Gene Are 
Found in Brain mRNA 

Northern blot analysis of rat brain poly(A) RNA 
shows that all members of the ShUI subfamily have 
multiple transcripts (Fig. 6).. Specifically, KV3.1 
probes hybridize to bands of approximately 10.5, 8, 
and 4.5 kb (Luneau et a/., 1991a; Weiser et al, 1994), 
and KV3.2 probes hybridize to bands of approxi- 
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FIGURE 6 Tissue expression of four ShlU genes. Northern blot analysis of adult rat poIy(A) RNA 
3 per lane) from adrenal gland (A), brain (B), heart (H), intestine (I), kidney (K), liver (L), 
lung (Lg), and skeletal muscle (M) hybridized with probes spedfic to the KV3.1, KV3.2, KV3 3 
and KV3 4 channel genes. The blots were exposed to X-ray film at - 70X with two intensifying 
screens for 2 days (KV3.1), 4 days (KV3.2, KV3.3), or 7 days (KV3.4). The positions of three RNA 
size markers (9.5, 7.5, and 4.4 kb) are indicated. 
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mately 7, 6, and 4 kb (Luneau et al, 1991b; Rudy et 
al, 1992; Weiser et al, 1994). Interestingly, the 6-kb 
band is much weaker in thalamic RNA (Rudy et al, 
1992). KV3.3 probes hybridize to bands of approxi- 
mately 8.5 and 5.5 kb (Vega-Saenz de Miera et aL, 
1992; Weiser et al, 1994) and KV3.4 probes to bands 
of 4.5 and 3.5 kb (Weiser et al, 1994). Little data on 
the nature of the multiple transcripts of ShOl genes 
detected in Northern blots is currently available. For 
two of the members of this subfamily, KV3.2 (Luneau 
et al, 1991b; Rudy et al, 1992) and KV3.3 (Vega-Saenz 
de Miera et al, 1992), probes specific to two 3' coding 
alternatively spliced products produce banding pat- 
terns that are similar, to each other. However, Luneau 
et al (1991a) showed that for KV3.1, probes specific 
to KV3.1a hybridized to the 8-kb band whereas probes 
specific to the other alternatively spliced product, 
KVS.lb, hybridized to the 4.5-kb band. Neverthe- 
less, both probes still hybridized to a relatively weak 
10.5-kb band. 

The meaning of the complex banding patterns jusf 
discussed remains unknown. Moreover, since the 
size of the coding regions of the cDNAs is less than 
2.7 kb for all cases, the size of the transcripts seen in 
Northern blots is difficult to account for. The most 
obvious explanation for these phenomena would be 
incomplete splicing of the RNAs. However, for most 
(if not all) genes described to date, unspliced heterolo- 
gous nuclear RNA is relatively short-lived and is cer- 
tainly not the major RNA spedes, as would be the 
case for a number of these transcripts. Alternatively, 
these could be mature transcripts and the discrepancy 
in size from that of the coding regions could be the 
result of unusually large untranslated regions. The 
multiple bands could be explained by use of different 
polyadenylation sites and/or of as yet undefined alter- 
native splice sites. Alternative splicing of 5' UTRs is 
a possibility for which some evidence was discussed 
in the previous section. 

The functional significance (if any) of these multiple 
transcripts from each S/iIII gene is still unclear, but 
various possibilities exist. First, the mRNAs them- 
selves may have a distinct subcellular localization. 
Such localization of mRNAs has been documented in 
the nervous system (Steward and Banker, 1992) and 
has been shown for some cases to depend on the 3' 
untranslated region of the RNA. Second, 5' untrans- 
lated regions have been shown in various systems 
(Kozak, 1992; Melefors and Hentze, 1993) to confer 
sequence-specific regulation of translation, which 
may indeed be the case for these transcripts. Yet an- 
other possibility is the regulation of mRNA stability 
(Sairu etal, 1990), a phenomenon that has been shown 
to depend on .untranslated regions as well as length 



of the poly(A) tail. The preceding observations raise 
some interesting unanswered questions about the po- 
tential role of posttranscriptional regulation of SWII 
K"^ channel gene expression. 

D. Electrophysiological Properties of ShIII 
Channels in Xenopus Oocytes 

Xenopus oocytes injected with S/zlII transcripts ex- 
^ press voltage-dependent K"^ currents that are absent 
in uninjected oocytes (Yokoyama et al, 1989; T. 
McCormack et al, 1990; Luneau et al, 1991a, b; Rudy 
etal, 1991b; Schroter et al , 1991; Vega-Saenz de Miera 
et al , 1992). The currents expressed by an alternatively 
spliced transcript of each of the four SMII genes are 
shown in Fig. 7. The currents were recorded with a 
two-microelectrode voltage clamp that had sufficient 
time resolution to resolve the overall kinetic features 
of these currents. 

A notable feature of the channels expressed by S/iIII 
transcripts is their voltage dependence, which is 
nearly identical for all transcripts of this subfamily 
investigated to date (see Fig. 8A for representative 
conductance-voltage curves). Membrane potentials 
more positive than - 10 mV are required to activate 
significant S/rlll currents, a more depolarized value 
than that required to activate channels of the other 
subfamilies. The pharmacological properties of S/iIII 
channels are also very similar. These channels are 
highly sensitive to both 4-aminopyridine (4-AP) and 
tetraethylammonium (TEA) and are not blocked by 
peptide toxins that block other Sfrcharmels (see Table 
lil). 

S/iin currents do show variability in their kinetic 
properties. KV3.1 and KV3.2 transcripts express very 
similar slowly rising, delayed-rectifier type currents 
that inactivate extremely slowly. KV3.3 and KV3.4 
transcripts, however, express A-type inactivating cur- 
rents that are significantly different from each other.. 
For instance, although macroscopic inactivation rates 
change with voltage in both cases, they are an order 
of magnitude faster in KV3.4 currents than in KV3.3 
currents (Fig. 7). KV3.4 currents also rise faster than 
those carried by all other S/zIII channels (Fig. 7). 

KV3.3 and KV3.4 currents also differ in the voltage- 
dependence of steady-state inactivation. As a result 
of these differences, KV3.3 currents conduct in the 
steady state over a much broader window of poten- 
tials than KV3.4 currents (Fig. 8B). Vega-Saenz de 
Miera et al (1992) suggested that the differences in 
the voltage dependence of steady-state inactivation 
of KV3.3 and KV3.4 currents could be explained by 
differences in the coupling between inactivation and 
channel opening, with KV3.4 channels inactivating 
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FIGURE 7 Currents expressed by one alternatively spliced variant of each of four ShUl genes in 
■ Xenapus oocytes. Shown are the currents recorded under voltage^lamp during depolarizing pulses 

were^^^^^^^ "^Ti^'A" If^'^"^^-^^^- alternatively spliced variants used 

TouLS^ M hS :k ""'-^^ ^^'^ ^^^^^"^ d^^^ases at high 

voltages. Modified with permission from Weiser et al. (1994). ^ 



from closed states much more readily than KV3.3 
channels. 

A provocative study by Ruppersberg et al (1991a) 
showed that inactivated KV3.4a channels are able to 
conductions during repolarization. Apparently, these 
channels are unable to enter the resting closed state 
when the membrane is hyperpolarized until their in- 
activation is first removed, resulting in a long-lasting 
current (at voltages much more negative than those 
required for activation) while they are recovering from 
inactivation. KV3.3 channels, which inactivate more 
slowly, may or may not behave in a similar fashion. 
Such behavior could drastically affect the role played 
by these charmels in vivo (see Section IV,F). 

KV3.1a channels have also been expressed in hu- 
man embryonic kidney ceUs (Critz et a/., 1993). Sig- 
nificantiy, the overall properties of the currents are 
very similar to those seen in Xenopus oocytes, al- 
though a more detailed comparison of the KV3.1a 
currents in the two systems has not been reported. 
The electrophysiological and pharmacological proper- 
ties of the channels formed by products of the four 
Shm genes are summarized in Table HI. Overall, Skill 
channels display less functional variation than Shi 
channels, which vary widely in voltage dependence, 
kinetics, and pharmacological properties (Stuhmer et 
1989a). 



Another aspect shared by all S/zffl currents is a 
decline in conductance at membrane potentials more 
positive than +20 mV, although this feature is not 
quite as evident in KV3.1 currents (T. McCormack et 
al, 1990; Rndyetal, 1991b; Schroteref a/., 1991; Vega- 
Saenz de Miera et al, 1992). In single-channel re- 
cordings, KV3.2a channels display a fast flickering at 
voltages more positive than +20 mV. This flickering 
produces a decline of the average single-channel current 
(Fig. 9) and is remiiuscent of the effects of fast open- 
channel blockers on a number of channels (Hille, 
1992). Based on observations such as those shown in 
Fig. 9, we proposed that the decline in conductance 
of S/zIII channels results from fast voltage-dependent 
open-channel block by some intraceUular component, 
perhaps Na^ orMg^^ (Rudyetal, 1991b; Vega-Saenz 
de Miera et al, 1992). These ions have been shown 
to produce similar block of other voltage-gated 
channels, but at more positive potentials (Linsdell et 
al, 1990; Lopatin and Nichols, 1993). Rettiget al (1992)- 
showed that a similar blockage of channels expressed 
by a KV3.4 construct lacking the N-terminal 28 resi- 
dues is abolished in inside-out patches on removal of 
Mg^"^ from the bath solution. 

The significance of so many different alternatively 
spliced transcripts from Skill genes is quite baffling, 
since none of the alternatively spliced transcripts 
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FIGURE 8 (A) Conductance- voltage relationship of four S/iUI cur- 
rents. Plots of average normalized conductance {g/gm^x) conduc- 
tance at the indicated potential divided by the maximum conduc- 
tance) as a function of voltage. A single curve through the data of 
the four channels v^ras drawn by hand. (B) Comparison of the 
conductance-voltage and steady-state inactivation-voltage rela- 
tionships of KV3.3 and KV3.4 currents. Plots of normalized conduc- 
tance (g/g^; squares) and steady-state inactivation {///^; trian- 
gles) as a function of voltage. Note that in the steady state, KV3.3 
channels conduct over a much broader window of potentials than 
KV3.4 channels (see area filled with dots and bars, respectively). 



tested to date (KV3.1a, Yokoyamadd., 1989; KV3.1b, 
Luneau etaL, 1991a; KV3.2a, TMcCormackef 1990; 
KV3.2b, Luneau et al, 1991a; KV3.2d, H. Moreno and 
B. Rudy, unpublished observations; KV3.4a, Schroter 
et al, 1991; KV3.4b, Rudy et al, 1991b) expresses cur- 
rents in Xenopus oocytes that are noticeably different 
from those of any other transcript from the same gene. 
However, more in-depth analysis of the charmels ex- 
pressed by these transcripts may reveal previously 
overlooked subtle differences. Alternatively, these 
channels may respond differently to various second 
messenger systems (see Section IV,G). Alternative 
splicing may thus allow for isoform-specific differ- 
ences in the modulation of channel function by neuro- 
transmitter and neuropeptide-induced cellular re- 
sponses. The divergent C termini could be used as 
well in protein-protein interactions, thus conferring 
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isoform-specific channel localization, mobility, and 
other forms of modulation. 

£. Functional Consequences of Heteromultimer 
Formation between ShIII Proteins 

Formation of heteromultimeric channels results in 
a large increase in the potential number of different 
channels that a given set of Sh suburuts could form. 
This jjroperty leads to the formation of channels vdth 
subtle, but often physiologically significant, differ- 
ences (e.g., Po et al,, 1993). For example, if 10 Shlll 
subunits are capable of forming heteromultimeric 
channels, assuming the channels are tetramers 715 
channels with differing subunit composition could be 
formed.^ Most studies investigating heteromultimer 
formation have used experiments in which different 
pairs of cRNAs are co-injected in Xenopus oocytes or 
coexpressed in other cell tj^^es. Heteromultimer for- 
mation is suggested by the fact that, when two differ- 
ent subunits are coexpressed, currents are obtained 
that cannot be the algebraic sum of the currents ex- 
pressed by each channel independently. 

In general, heteromultimeric Shi channels have 
properties that are intermediate between those of the 
corresponding homomultimers, although some prop- 
erties might be closer to those of one or the other 
homomultimer (Isacoff et a/., 1990; K. McCormack et 
al, 1990; Ruppersberg et al, 1990; MacKinnon et al, 
1991). Since aU Shlll channels have similar voltage 
dependencies, this parameter was expected not to 
change in heteromultimers. This expectation has been 
cor\firmed experimentally; when two different ShIII 
cRNAs are injected into oocytes, the total current has 
a voltage dependence similar to that of the Shlll homo- 
multimers (H. Moreno, E. Vega-Saenz de Miera, and 
B. Rudy, unpbulished observations). Moreover, and 
perhaps not surprisingly, the currents recorded in oo- 
cytes co-injected with KV3. 1 and KV3.2 cRNAs, which 
produce similar currents in a homomultimer channel, 
are similar to the currents of KV3.1 or KV3.2 alone. 

Oocytes co-injected with Sftlll cRNAs that express 
currents that inactivate at different rates when in- 
jected alone expressed currents suggestive of hetero- 
multimer formation (Weiser et al, 1994). One of the 
most interesting results from these co-injection experi- 
ments is the observed changes when KV3.4 cRNA is 
co-injected with KV3.1 cRNA. These oocytes had fast 
inactivating currents that were several-fold larger than 
those seen in oocytes injected with the same amount 
of KV3.4 cRNA alone (Fig. 10). This result is contrary 



^ The number of different subunit combinations can be calculated 
from the equation [p + (« - l)]!/[p!(w - 1)!], where p is the aggre* 
gation number and n is the number of subunits. 



o 
O 

§■ 

c 



c 
c 



Eg 
c 



E 
E 



•■s 

o 



o 



60 

o 



5 



O 
U 
2 



c 
g 

a 



< 



< 
12 



OQ oa Q ffi 
2 2 2 2 



2 



> 



v£3 0\ r4 vO 

o o 1-; o 



s s ^ § 

t-J 1-J l-H CN 

d d d d 



NO NO ^ (N 



I 1 1 



I I ^ 



01 



fici 

5 



< 



> 



I I ? 



00 \o od 



,-1 ^ 

+ + + + 



T-( fN m rt< 

eeee 



c 

op 
w 

> 



to 
"S 



3 



Im nj • «. 

6 > Tl 

^ ^ nj « C 

*; O OJ c ^ 

^ t ^ -c 

^ ^ S 

^ s s I 

« {y C K 

"O -C "w + - 

.2 5b 6 



o 



> Q 



O 3 



Ng a» -C w O 

•S.3ll:i| 

« c iS ^ 

.t3 <0 3 3 *^ 

|-£|^< i 
^ J s. 8 s Q 

1 1 J s H 5 

g.^ 33 
§ g c 

3 VC -S ^ 

f i Sol 8- 

-g c « CO i5 cu 
I S + ^ W) 

« > ^ '-o -5 c 



o c tj 

u .2 
S "to 



5.S 



^ 8 8 

-5 « ^ > O u (JO 
'2 <0 « e ^ 

6 g g « 5i c •§ .£ 



CX ft? 



^ 6 o 

CO O 5 bO , « 

73* 2 g 2 S-5 

c « a» 6 "o K 

^ ^ £ "2 2 

= < 3 II 



T3 ' 
(0 



54 



E. VEGA'SAENZ DE MIERA ET AL. 




-80 -40 0 40 80 
Membrane potential (mV) 



B 



-10 mV 



+10 mV 



5 pA 



-80 mV 




+80mV 



^fifil^f^ +30mv 



+50 mV 



FIGURE 9 Voltage-dependent block of KV3.2a channels. (A) Normalized conductance-voltage curve of 
KV3.2a channels obtained from macroscopic currents in Xenopus oocytes. (B) Representative single KV3.2a 
channel records at four different voltages in a cell-attached patch on an oocyte injected with KV3.2a cRNA, 
(C) Ensemble average of 32 sweeps obtained from the same patch tised in B during a voltage ramp from 
-80 to +80 mV. 
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FIGURE 10 KV3.1-KV3.4 heteromultimeric charmels in Xenopus oocytes. (A) Currents recorded in a 
representative oocyte injected with KV3.4b cRNA alone. (B) Currents recorded in a representative oocyte 
injected with KV3.1b cRNA alone. (Q Currents recorded in a representative oocyte injected with the same 
amount of KV3.4b cRNA as the oocyte in A plus the same amount of KV3.1b cRNA as the oocyte in B. 
The currents shown here are representative of several similar experiments. For example, the average 
transient current at +40 mV of 8 oocytes injected with KV3.4b cRNA alone was 300 nA; that in oocytes 
co-injecte4 with KV3.1b and KV3.4b was 1800 nA. Modified with permission from Weiser et al. (1994). 
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to what might be expected from the algebraic sum of 
two independent currents and is consistent with the 
formation of heteromultimeric channels containing 
one or more KV3.4 subunits and the remaining KV3.1 
subunits (Weiser et aL, 1994). The amplification of 
the currents is caused by both an increase in single 
channel conductance in the heteromultimeric chan- 
nels (compared with that of KV3.4 channels) and the 
fact that apparently less than four KV3.4 subunits are 
sufficient to impart fast inactivating properties on the 
channel. Similar studies with Shi subunits have also 
shown that the presence of a single inactivating sub- 
unit is sufficient to impart inactivating properties on 
the resultant channels (e.g., Isacoff et al., 1990; K. 
McCormack et a/., 1990; Ruppersberg et ah, 1990; 
MacKiimon et al, 1991). This behavior can be under- 
stood in terms of the N-terminal "ball and chain" 
model of inactivation (Hoshi et al, 1990; Zagotta et^ 
aL, 1990; see Section IV, G). The "ball and chain" of 
a single inactivating subunit is sufficient to inactivate ^ 
the channel, although the rate of inactivation in- 
creases with.Jthe number of inactivating subunits 
(MacKinnon al, 1991), as was also the case for 
KV3.1-KV3.4 heteromultimers (Weiser et al, 1994). 
Similar results have been obtained in oocytes co- 
injected with KV3.4 and KV3.2 or KV3.3 (H. Moreno, 
unpublished observations). 

F. Role of ShIII Channels in Excitability 

Voltage-dependent currents modulate various 
important aspects of neuronal excitability including 
membrane resting potential, action potential wave- 
form, firing patterns, neurotransmitter release, and 
postsynaptic potentials. The extent of the involve- 
ment of a given K"^ channel in these processes is de- 
pendent on the number of channels and their conduc- 
tance, voltage dependence, kinetics, and subcellular 
localization, as well as on the balance of other currents 
(Hille, 1992). Further, these properties are often al- 
tered by cellular responses to neurotransmitters and 
neuropeptides, making charmels important media- 
tors of the longer term effects of synaptic transmission 
(Levitan, 1988; Kaczmareck and Levitan, 1987; Rudy, 
1988). 

As discussed in the preceding sections, transcripts 
from the four Sftlll genes express K"^ channels in Xeno- 
pus oocytes that start activating at highly depolarized 
potentials. Heteromultimer formation allows for the 
existence of channels with this characteristic pos- 
sessing a wide range of inactivation kinetics. Particu- 
larly interesting is the finding that small numbers of 
KV3.4 subunits might be sufficient to impart fast inac- 
\ tivating properties on channels composed mainly of 



other Skill subunits (see Section IV,E). Assuming that 
native Shlll channels have properties similar to those 
seen in oocytes, certain predictions can be made about 
the kinds of electrical activity native ShUl chaimels 
may or may not be involved in, and what their effects 
might be on neuronal excitability. 

Voltage-gated channels can affect fast Na"^ ac- 
tion potential waveforms primarily by their influence 
on the repolarization of the spike. Skill channels could 
^easily be active at the. depolarized potentials (+10 to 
+30 mV) characteristic of these spikes. In fact, Pemey 
et al (1992) suggested that the physiological role of 
KV3.1 channels is to shorten the duration of action 
potentials in fast-firing neurons. In support of their 
hypothesis, these investigators reported studies with 
AtT20 cells transfected with the ras oncogene, which 
caused a 20-fold reduction in the width of action po- 
tentials relative to untransfected cells and was associ- 
ated with the induction of KV3.1 mRNA (Hemmick 
effl/., 1992). 

Although it is conceivable that KV3.1 channels (or 
KV3.2 charmels, which express similar currents) act 
to shorten the duration of action potentials in fast- 
firing neurons, this hypothetical function must be rec- 
onciled with the relatively slow activation kinetics of 
these channels (see Section IV, D) and the short dura- 
tion of neuronal fast action potentials (<1 msec at 
35-37*C). Of course, channel density could make up 
for the small percentage of these channels that would 
be activated during a spike and would provide suffi- 
cient current to repolarize the membrane. Alterna- 
tively, KV3.1 or KV3.2 channels could activate much 
faster during an action potential as a result of having 
been exposed to depolarized voltages below those 
necessary to produce measurable current. KV3.1 and 
KV3.2 channels could easily be activated, however, 
during action potentials of longer duration. 

The spike frequency of trains of action potentials 
depends mainly on themembrane potential and resis- 
tance between spikes. These parameters are governed 
in large part by channels that are activated at volt- 
ages below the threshold of action potentials. How- 
ever, the voltage dependence of ShlU channels pre- 
cludes their involvement in subthreshold phenomena 
such as regulation of spike frequency or latency to 
first spike. In this context, the work of Ruppersberg 
et al, (1991a), described in Section IV,D, provides an 
interesting caveat to this generalization. If inactivated 
KV3.4 channels are indeed able to conduct ions at 
negative potentials while they recover from inactiva- 
tion, they could have quite interesting effects on firing 
patterns. Specifically, the first spike in a train could 
open and then quickly inactivate these channels,. On 
repolarization of the membrane, the current through 
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FIGURE 11 Comparison of the constant region of channel proteins encoded by four Shlll genes. 
Predicted amino add sequences of the constant region (the sequences preceding the alternatively spliced 
carboxyi ends) of proteins encoded by ShlO. transcripts. The sequences are aligned to maximize long 
stretches of identity. Amino acids identical to those in KV3.1 are shown with a dash. Gaps required 
for optimal alignment are shown as blanks. Note that the second methionine of KV3.3 and KV3.4 has 
been aligned with the starting methionines of KV3.1 and KV3.2. The sequences between the first and 
second methionines of KV3.3 and KV3.4 are important for channel inactivation. The first arrow marks 
the end of the sequences encoded by exon 1 and the second arrow marks the end of the sequences 
encoded by exon 2. The S1-S6 and H5 domains are overlined. Proline-rich sequences in KV3.2 and 
KV3,3 are underlined. Two putative N-glycosylation sites in all Shlll proteins in the linker between the 
SI and 52 domains are indicated with triangles. KV3.3 has an additional putative N-glycosylation site 
in the S5-H5 linker (also indicated with a triangle). The positively charged residues in S4 have been 
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KV3.4 channels recovering from inactivation could 
prevent the next spike or delay its onset. 

Both the pre- and the postsynaptic sides of synaptic 
transmission can be modulated by K*^ channels. The 
amount of neurotransmitter release from the presyn- 
aptic terminal is dependent on the amount of Ca^"^ 
entry through voltage-gated Ca^"^ channels. Activa- 
tion of K"^ channels in the presynaptic terminal can 
limit the magrutude or duration of local depolarization 
and, thus, Ca^^ entry and transmitter release. On the 
other side of the synapse, activation of channels 
could limit the spread of the depolarization caused 
by receptor activation. ShlJl channels could play a role 
in both of these processes, provided that presynap- 
tic potentials or excitatory postsynaptic potentials 
(EPSPs) reach voltages sufficient to activate these 
channels. This event would be more likely in areas 
devoid of large numbers of channels that activate 
at lower voltages. 

The vagueness of the preceding discussion underr> 
scores the importance of studies of ShlU channels that 
are aimed at elucidating the electrophysiological prop- 
erties and subcellular localization of channels con- 
taining Shm subunits in vivo. The state of present 
work on these problems and future directions for the 
field are discussed in later sections of this chapter. 

G. Structural and Functional Domains 
in Shin Proteins 

The overall structure of mammalian S/iaii;-related or 
Shlll proteins (Yokoyama et al, 1989; T. McCormack 
et al, 1990,1991; Luneau et al, 1991a,b; Rudy et al, 
1991b,1992; Schroter et al, 1991; Vega-Saenz de Miera 
et al, mi; Ried et al, 1993) is similar to that of all 
other Sh proteins (reviewed by Jan and Jan, 
1990a;1992; Pemey and Kaczmareck, 1991; Rudy et al, 
1991a; Pongs, 1992) and other channel proteins of the 
S4 superfamily (see Fig. 1). A comparison of the con- 
stant region (prior to divergence of the carboxyl ends) 
of the protein products of the four Shlll genes is shown 
in Fig. 11. S/i proteins are several hundred amino adds 
in length and are characterized by a core membrane 
region consisting of six putative membrane-spanning 
domains designated SI, S2, S3, S4, S5, and S6 flanked 
by intracellular amino and carboxyl domains of vari- 
able lengths (see Figs. 3, 11). Domains S1-S3 and 
S5-S6 are hydrophobic and are thought to span the 
membrane as a helices. The S4 domain is amphi- 



pathic, but is also believed to be membrane spanning. 
The topology of the 51 -S6 domains is not known, but 
models have been proposed based on the idea that less 
conserved, highly hydrophobic domains are likely to - 
interact with lipid whereas highly conserved domains 
may be involved in protein-protein interactions and 
may be located in the interior of the protein (Guy, 
1989). In addition to having a similar overall structure, 
S/iIII proteins and Sh proteins of the other subfamilies 
< share significant amino^ acid sequence similarity 
(-40% sequence identity in a core region that includes 
all the membrane portion of the polypeptides). Details 
of the structure of Sh proteins that are not addressed 
here can be found in several reviews. (Jan and Jan, 
1990a;1992; McKinnon, 1991;- Miller, 1991; Rudy effl/., 
1991a; Pongs, 1992). 

As is the case for Sh proteins of the other subfami- 
lies, Shlll proteins are most similar in the core mem- 
brane region (which corresponds roughly to the se- 
.quence encoded in exon 2 of genes; see Section 
IV, B). In this region, Shlll proteins share -85% amino 
acid identity, compared with -70% overall amino acid 
identity, indicating that the regions preceding and 
following the core region are less conserved (see Figs. 
3, 11). Most of the differences among Shlll proteins 
are localized to parts of the amino end region preced- 
ing the first membrane-spanning domain, the car- 
boxyl domain following the membrane portion of the 
polypeptide, and the S1-S2 and S2-S3 liiJcers. 

The conservation of the core region among Shlll 
proteins is somewhat higher than that among differ- 
ent Shi proteins (75-80% identity). This conservation 
may explain why the channels composed of Shlll pro- 
teins display less functional variability than those 
composed of Shi proteins (see Section III,D). The core 
regions of S^II proteins are even more conserved than 
those of Shlll proteins (Freeh et al, 1989; Hwang et 
al, 1992). Sh proteins also share several structural and 
functional domains, the most characteristic being the 
H5 or pore domain and the S4 or voltage-sensor 
domain. 

1. H5 or Pore (F) Domain 

Between the fifth and the sbcth membrane- 
spanning domains is a highly conserved and 
somewhat hydrophobic sequence knows as H5 (or 
SS1-SS2 by some authors; Jan and Jan, 1990a; Pemey 
and Kaczmareck, 1990; Rudyetal, 1991a; Pongs, 1992; 
see also Chapter 2). .H5 domains are present not only 



boxed. The leucines in the Sh leucine heptad repeat adjacent to the S4 domain are indicated with a 
filled circle. The fourth residue in the repeat is phenylalanine in Sh\\\ proteins, but leucine in all other 
Sh proteins. Residues in the H5 domain that were found by mutagenesis to be important in determining 
pore properties of KV3.1 are boxed. A cluster of positively charged residues after the S6 domain is 
indicated with a star. 
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in the channels of the S4 superfamily (the Sh, eag, 
and slo families) but also in inward rectifier chan- 
. nels that otherwise bear no resemblance to the S4- 
containing channels (Ho et al, 1993; Kubo et ah, 
1993). The only known exception is the IgK channel, 
which lacks a clear H5 domain. Mutations of the H5 
domain in Drosophila and mammalian Sh proteins af- 
fect ion selectivity, open-channel conductance, and 
blockade by TEA, providing strong evidence that this 
domain contributes to the formation of the charmel 
pore (MacKinnon and Yellen, 1990; Yellen et al, 1991; 
Yool and Schwarz, 1991; Hartmarm et al, 1991; Kirsch 
etal, 1992a,b). In one of these experiments (Hartmann 
et al, 1991; Kirsch et al, 1992a,b), the H5 domain of 
KV2.1 (a mammalian S/iflb-related protein) was re- 
placed with the H5 domain from a mammalian S/zIII 
protein (KV3.1), yielding a chimeric protein express- 
ing channels with permeability properties characteris- 
tic of KV3.1 channels, including single-channel con- 
ductance and internal TEA sensitivity. Na^ and Ca^^ 
channels contain a domain in an analogous position 
(but with a different amino acid sequence), known 
as SS1-SS2, that participates in the regulation of ion 
permeability in these channels (Guy and Conti, 1990; 
Heinemann et al, 1992). 

In the accepted topology of Sh proteins, the H5 
domain begins at the extraceUular side of the mem- 
brane. The H5 domain of each subunit has been pro- 
posed to form an antiparallel hairpin loop that enters 
and exits the membrane so the pore is a hole in the 
middle of an eight-stranded )3 barrel (Guy, 1989; Guy 
and Conti, 1990). Consistent with this hypothesis, 
mutagenesis studies demonstrate that the H5 domain 
is accessible from both sides of the membrane. Muta- 
tions of amino acid residues near the beginning and 
the end of the H5 domain affect charmel block by 
external TEA, whereas mutations of residues near the 
middle of H5 affect mainly blockade by internal TEA 
(Yellen et al, 1991). 

Residue 19 in the H5 domain of all mammalian ShYH 
proteins is a tyrosine (Fig. 11). In Drosophila Shaker 
channels, a tyrosine in this position conferred high 
sensitivity to external TEA (MacKinnon and Yellen, 
1990). All SWn channels are blocked by submillimolar 
concentrations of external TEA (see Table III). Tyr 19 
probably contributes to the sensitivity of ShTSi chan- 
nels to external TEA, but is clearly not sufficient since 
KV2.1 chaimels have a tyrosine in this position but 
are about 20-fold less sensitive to external TEA than 
S/zIII channels. Moreover, the KV2.1 chimera with a 
KV3.1 H5 domain described earUer (KV2.1-KV3.1 chi- 
mera) was less sensitive to external TEA than KV3.1 
charmels (Hartmann et al, 1991). 

Mutagenesis studies, particularly those with the 
KV2.1-KV3.1 chimera (Hartmann et al, 1991; Kirsch 



et al, 1992a,b), have been useful in identifying other 
residues that contribute to the pore properties of S/zIII 
subunits. These residues include a leucine and a va- 
line in the middle of the KV3.1 H5 domain that are 
replaced by valine and isoleucine, respectively, in 
KV2.1 (Fig. 12A). These residues have been shown 
to influence the K"^ conductance, mean open time, 
and relative K"^/Rb"** conductance of KV3.1 channels. 
These residues are also important in determining the 
sensiiivity of KV3.1 channels to internal TEA block- 
ade, which is significantly loWer in these channels 
(TagUalatela et al, 1991; Kirsch et al, 1992a,b). KV3.2 
proteins are identical to KV3.1 in the region of the H5 
domain; however, KV3.3 and KV3.4 have a lysine two 
positions C-terminal to Tyr 19, whereas KV3.1 and 
KV3.2 have a glutamine at this position. Substitution 
of this glutamine for lysine in the KV2.1-KV3.1 chi- 
mera, a change resulting in an increase in the charge 
close to the putative external mouth of the channel, 
reduced the single-channel conductance to a degree 
similar to the difference in single-charmel conduc- 
tance between KV3.1 (or KV3.2) and KV3.3 or KV3. 4 
channels (see Table III). This substitution also reduced 
the external TEA sensitivity 5-fold; however, KV3.3 
and KV3.4 channels have external TEA sensitivities 
that are not very different from those of KV3.1 and 
KV3.2 (see Table III). Other residues, or the structure 
of the pore itself, may explain these differences. In- 
deed, a triple mutation was required (V8I, L13V, 
Q21K) to restore the external TEA sensitivity of the 
KV2.1-KV3.1 chimera to that of KV2.1 channels 
(Kirsch etal, 1992a,b). 

Peculiar to mammalian S/iIII proteins is the pres- 
ence of a 9-residue insert just prior to the beginning 
of the H5 domain that results in elongation of the 
linker between the S5 and the H5 domains relative to 
all other Sh charmels (Fig. 12A). Shin proteins express- 
ing inactivating and noninactivating channels differ 
in the sequence of this insert (Fig. 11). The insert 
is nearly identical in KV3.1 and KV3.2 proteins that 
express delayed-rectifier type currents, but different 
in KV3.3 and KV3.4 that express inactivating 
channels. 

2. S4 Domain 

S4 domains, located between the third (S3) and the 
fourth (S5) hydrophobic segments, are characterized 
by the repetition of a motif consisting of two neutral 
residues (usually hydrophobic, except toward the car- 
boxyl end of S4) and one positively charged residue. In 
Sh proteins, the positively charged residue is usuaUy 
arginine, except toward the carboxyl end of S4 where 
some lysines are located. S4 domains are also present 
in a number of other voltage-gated channels including 
K^ channels of the eag family, Na"^ and Ca^"^ charmels. 
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FIGURE 12 (A) Comparison of the sequence between the S5 and S6 domains (including the H5 domain) 
of mammalian Sh proteins of different subfamilies. Note the 9-residue insert in KV3.1. Other ShUl proteins 
have a similar insert (see Fig. 11). The sequences are aligned to maximize long stretches of identity. Gaps 
required for optimal alignment are shown as blanks. The amino adds in the H5 region have been arbitrarily 
numbered from 1 to 21. Residues in the H5 domain that were found by mutagenesis to be important in 
determining pore properties of KV3.1 are boxed (see text). (B) Comparison of the sequence of the S4 
domains of mammalian Sh proteins and the Drosophila Shaw protein. Positively charged residues have been 
boxed. (C) Conserved sequence containing a cysteine residue at the amino end of KV3.3, KV3.4, and KV1.4 
proteins. P) A region rich in positively charged residues that follows the S6 domain of the protein products 
of the four SftUI genes is compared with a similar sequence in two inward rectifier channels. In A, C, and 
D the numbers on the right represent the position of the last residue shown relative to the starting 
methionine. In A, B, and D a dash represents an amino add identical to that of the sequence shown in 
the top row. 



and some channels that are thought not to be primar- 
ily voltage gated, such as cyclic-nucleotide-activated 
channels (Kaupp et al, 1989; Dhallan et al, 1990; Jan 
and Jan, 1990b) arid Ca^^ -activated K"' channels of 
the slo family (Atkinson et al, 1991). The number of 
repetitions of the sequence motif X-X-R/K, where X 
is a hydrophobic or neutral residue, in the S4 domain 
is characteristic of the proteins of each Sh subfamily: 
seven in Shi proteins, five in Shll proteins, sbc in mam- 
malian S/iIU proteins, and five in S/iIV proteins (Fig. 
12B). Curiously, the Drosophila Shaw protein contains 
a distorted S4 domain containing four positively 
charged residues, one negatively charged residue, 
and one serine instead of one of the arginines (Fie. 
12B). 



Mutagenesis experiments on Na"^ and ShK^ chan- 
nels support the notion that the S4 domain acts as a 
voltage sensor (Nodaef a/., 1986; Stuhmere^a/., 1989b; 
Liman et al, 1991; Papazian et al, 1991; see also Chap- 
ters). However, the mechanism of voltage-dependent 
gating and the role of the S4 domain in this mechanism 
is far from understood and might be quite complex, 
involving structures outside the S4 domain (Liman et 
al, 1991; K. McCormack et al, 1991). For example, 
clearly not all positive charges are equivalent; in addi- 
tion, for some positions, the nature of the positively 
charged residue (arginine or lysine) is important. Con- 
sidering these results, it is not surprising that no clear- 
cut correlation exists between the reported slope of 
the conductance-voltage relationship (gating charge) 
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of Sh channels and the number of positive charges in 
the S4 domain. Nevertheless, the fact that the struc- 
ture of the S4 domains is constant for each subfamily 
is intriguing. 

Other potentially important domains of Shlll pro- 
teins may or may not be found in Sh proteins of other 
subfamilies, or even in all Shlll proteins. Starting at 
the amino end, several of these domains are described 
in the following sections. 

3. Amino End ''Ball and Chain" Domains in 
Inactivating Skill Proteins 

KV3.3 and KV3.4 proteins, which express inactivat- 
ing channels, differ from those that do not inactivate 
by an N-terminal insert of 78 residues in KV3.3 and 
28 residues in KV3.4 (see Fig. 11). At the C-terminal 
end of these inserts is a methiorune that can be aligned, 
with the starting methionine of KV3.1 and KV3.2 to 
produce proteins with similar sequence (Fig. 11). 

In Drosophila Shaker channels, the N termini are 
involved in a fast inactivation process known as N- 
inactivation. In addition, another inactivation process 
known as C-inactivation is dependent on structures 
toward the C terminus of the protein (perhaps be- 
tween H5 and S6; Hoshi et all, 1991). Deletions of the 



N terminus in Shaker channels results in removal of 
the N-inactivation (Hoshi et ai, 1990; Zagotta et aL, 
1990). The N terminus is hypothesized to act as a "ball 
and chain" (Hoshi et aL, 1990; Zagotta et al, 1990). The 
tethered "ball" is proposed to produce inactivation by 
occluding the pore of open channels (Armstrong and 
Bezanilla, 1977; Hoshi efd., 1990; Zagotta efflZ., 1990). 

The presence of clear N-terminal inserts in inacti- 
vating KV3.3 and KV3.4 channels suggests. that these 
channels also inactivate by a "ball and chain" mecha- 
nism. In support of this hypothesis, deletion of the 
78 residues of the N-terminal insert of KV3.3 and the 
28 residues of the N-terminal insert of KV3.4 results 
in the expression of channels that do not inactivate 
(Fig. 13; see also Rettig et aL, 1992). Whether the differ- 
ences in inactivation properties of the channels 
formed by KV3.3 and KV3.4 proteins (Section IV,D) 
are the results of the differences in their amino ends 
still remains to be determined. 

,A. A Domain for the Regulation of Channel 
Activity by the Redox Potential 

The inactivating inserts of KV3.3 and KV3.4 contain 
a cysteine residue surroimded by a very conserved 
sequence (Fig. 12C). A very similar sequence is found 
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FIGURE 13 Deletion of the N-terminal insertsof KV3.3 and KV3.4 removes inactivation. AKV3.3 
and AKV3.4 correspond to constructs in which the first 78 amino acids of KV3.3a and the first 
28 amino acids of KV3.4b, respectively, have been deleted. Shown are the currents recorded 
under voltage damp during depolarizing pulses from —60 to +30 mV in 10-mV increments, 
delivered at a rate of one every 60 sec from a holding potential of - 100 mV. Currents have been 
leak subtracted. 
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in KV1.4, a fast-inactivating S/ia/c^r-related mamma- 
lian channel (Fig. 12C). The conservation of this se- 
quence is even more notable since otherwise very little 
amino add sequence conservation is seen in the N- 
termini of these proteins (Stiihmer et al, 1989a; Rudy 
etal, 1991b; SchroterefflZ., 1991; Vega-Saenz de Miera 
etal, 199i2). 

Ruppersberg et aL (1991b) showed that exposure 
of the cytoplasmic surface of KV1.4 or ICV3.4 channels 
to air, presumably to oxygen (in inside-out excised 
membrane patches), resulted in removal of the inacti- 
vation process. In contrast to the effects of N-terminal 
deletions and other treatments, this inactiyation re- 
moval was reversible. Inactivatiqn was restored if the 
patch was reinserted into the cell or by exposure to 
reduced glutathione or dithiothreitol (DTT; Ruppers- 
berg et al, 1991b). The effects of oxidation were 
not seen in charmels expressed from a KV1.4 pro- 
tein in which the cysteine was replaced with serine 
(Ruppersberg et aL, 1991b). A model to explain how 
the redox state of this cysteine may modulate chaimel** 
inactivation was proposed by these investigators. 

Similarly, exposure of oocytes expressing KV1.4, 
KV3.3, or KV3.4 channels to high micromolar concen- 
trations of external H2O2 resulted in a reversible re- 
moval of inactivation (Vega-Saenz de Miera and 
Rudy, 1992). Concomitant with inactivation removal 
there was a significant increase in current magnitude 
that was particularly large in KV3.4 injected oocytes. 
The effects of H2O2 were specific to these three chan- 
nels. No effect was detected in oocytes expressing 
channels that lack the conserved cysteine-contaiiung 
sequence, including noninactivating KV3.2 channels, 
inactivating Drosophila Shaker channels (Vega-Saenz 
de Miera and Rudy, 1992), and inactivating KV4.1 and 
KV4.2 channels (of the SftlV subfamily) (P. Serodio 
and B. Rudy, unpublished observations). Effects simi- 
lar to those of H2O2 were seen on exposure to N-ethyl 
maleimide, a reagent that alkylates free sulfhydryls; 
in this case the effects were, as expected, irreversible. 

5. Proline-Rich Domains 

KV3.2 and KV3.3 proteins have proline-rich areas 
(underlined in Fig. 11) in regions of the protein that 
are thought to be cytoplasmic. One such sequence is 
found in KV3.2 in the N-terminal side of the SI dp- 
main, and one is found in the C-terminal region of 
KV3.3 after the S6 domain. In addition, the inactivat- 
ing N-terminal insert of KV3.3 is also proline rich. 

T. McCormack et al (1990) first observed one such 
proline-rich insert in KV3.2a that had the sequence 
PPLSPPPRPPPLSP. These investigators suggested 
that the serines in this sequence might be sites of 
cytoplasmic O-glycosylation, based on similarities 
with the sequences surrounding serines in other 



proteins that are known to undergo cytoplasmic O- 
glycosylation. 

More recently, researchers have found that proline- 
rich sequences such as those seen in KV3.2 and KV3.3 
are binding sites for SH3 domains, a module present 
in a number of, proteins believed to mediate pro- 
tein-protein interactions that are important in signal 
transduction (Olivier et at., 1993; Ren et al, 1993). 
The proline-rich areas in KV3.2 and KV3.3 contain 
stretches that fit the proposed consensus sequences 
for SH3-domain binding. Oiir laboratory is currently 
investigating the interaction of the proline-rich do- 
mains of KV3.2 and KV3.3 with SH3-domain- 
containing proteins. 

6. Subunit Association Domains 

The amino acid sequence of the N terminal region 
of Sftlll proteins that follows the N-terminal inserts 
in KV3.3 and KV3.4 is extremely well conserved (see 
Fig. 11). The sequences are also very similar to the 
equivalent sequence in the Drosophila Shaw protein 
(Vega-Saenz de Miera et al, 1992; see also Table VI). 
In analogous positions of other Sh proteins, the amino 
acid sequence is very well conserved within members 
of the same subfamily, but shows relatively little con- 
servation among members of different subfamilies 
(Stiihmer et al, 1989a; Jan and Jan, 1990a; Pemey and 
Kaczmareck, 1990; Baldwin et al, 1991; Rudy et al, 
1991a; Hwang et al, 1992; Pongs, 1992). In S/iHI pro- 
teins, the region of similarity is broken into two con- 
served areas by the polyproline insert of KV3.2 (see 
Fig. 11). 

Li et al (1992) and Shen and Pfaffinger (1992) 
showed that the conserved area prepared in vitro can 
form tetramers or bind to in vitro translated subtmits 
of the same subfamily but not of different subfamilies. 
These and other elegant experiments provide evi- 
dence that the self-aggregating conserved area in- 
cludes domains (hereafter called subunit recognition 
domains) that are important for both subunit recogni- 
tion and channel formation, and may be the basis for 
the formation of heteromultimeric charmels by sub- 
units of the same subfamily. Additional evidence that 
these subunit recognition domains are crucial for the 
assembly of appropriate subunits was provided by Li 
et al (1992), who used chimeric proteins to show 
that these domains were sufficient to determine co- 
assembly of subunits into functional channels. 

7. iV-Glycosylation Sites in the Linker between the 
51 and S2 Domains 

All Sftlll proteins have two putative N-glycosylation 
sites in the linker between the SI and the S2 doniains 
that are thought to face the extracellular surface of the 
membrane (indicated with triangles in Fig. 11). In 
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KV3.3, another putative N-glycosylation site is found 
in the linker between the S5 and H5 domains (see Fig. 
11). Whether these sites are indeed glycosylated in 
Shin proteins, and the functional consequences, if 
any, of this glycosylation, are not yet known. Most 
Shi proteins also contain a putative N-glycosylation 
site in the S1-S2 linker, whereas ShE proteins have 
an N-glycosylation site in the S3-S4 linker. 

8. Disruption of the Leucine-Heptad Repeat in 

Skill Proteins 

When the sequence of the S4 domain, the linker 
between the S4 and S5 domains, and the beginrung 
of the S5 domain of Sh proteins is drawn in a-helical 
form, one side of the a helix is particularly well con- 
served (Fig. 14). In particular, conservation of one 
arm of the helix (number 1 in Fig. 14), consisting of 
the third arginine in S4 and five leucine residues, 
spaced 7 amino acids apart, is apparent (K. McCor- 
mack et aL, 1989,1991). Mutagenesis of these residues^ 
leads to profound changes in voltage-dependent gat- 
ing (K. McCormack et al, 1991; Schoppa et «/., 1992). 
K. McCormack et al (1991) proposed that the leucines 
in the heptad repeat mediate hydrophobic interac- 
tions that are crucial to the conformational changes 
involved in voltage-dependent gating. 

Interestingly, in all S/zIII proteins the fourth leucine 
of the leucine heptad repeat is substituted by phenyl- 

a - helical wheel 



L (F in all ShIII channels) 

55 




A 

L 



FIGURE 14 Helical representation of the S4-S5 region of the 
KVl.l protein. The sequence of the KVl.l protein, starting at the 
second residue in S4 (a leucine) and ending in the last leucine of 
the leucine heptad repeat flocated in the S5 domain), has been 
projected onto an a-helical wheel. Residues that are conserved 
among all mammalian Sh proteins have been circled. 



alanine. Researchers have suggested that this substi- 
tution might explain why Sftlll channels require very 
positive potentials for activation (T. McCormack et al, 
1990; Rudy et al, 1991a,b; Vega-Saenz de Miera et al, 
1992). This hypothesis has only been tested indirectly. 
Rettig et al (1992) reported that replacing the phenyl- 
alanine with leucine and the next residue in the 
sequence (a leucine in all S/iIII proteins) with gly- 
cine (making this area similar to Sha/cer-related pro- 
tjeins) producjed a 16-mV negative shift in the voltage- 
dependence of a KV3.4 channel. The interpretation of 
their results is not straightforward since two residues 
were changed. Further, the interpretation is compli- 
cated by the fact that Rettig et al (1992) utilized a 
KV3.4 cDNA with a spontaneous mutation in the S4 
domain (H364Q), which itself produced a large posi- 
tive shift in the voltage dependence of this channel 
relative to normal KV3.4 channels. Nevertheless, this 
result is encouraging and stimulates interest in further 
mutagenesis studies. 

9. Cluster of Positively Charged Residues After 
the S6 Domain 

All Shm proteins possess a cluster of positively 
charged residues just after the S6 domain region (indi- 
cated with a star in Fig. 11). A similar sequence is 
found (see Fig. 12D) in the two inward rectifier K"^ 
channels IRKl (Kubo et al, 1993) and ROMKl (Ho et 
al, 1993). These similarities are intriguing. Perhaps 
these structural similarities are related to the rectifica- 
tiori seen in ShIII charmels (see Section IV,D). 

10. CarboxylEnds 

ShlU proteins become particularly variable after the 
common cluster of positive charges found after the 
S6 domain. Moreover, all Skill proteins terminate in 
divergent sequences derived by alternative splicing. 
Nevertheless, some short stretches of highly con- 
served amino add sequence are seen, particularly in 
the portions of the protein thought to be encoded 
by exon 3. As an example, consider the sequence 
PLAQEEI (residues 489-495) in KV3.1, PLAQEEV 
(residues.648-654) in KV3.3, and PPAREEG in KV3.4 
(residues 526-532) (see Fig. 11). 

11. Putative Phosphorylation Sites 

Several sites that fit the consensus sequence for 
protein kinase phosphorylation are found in regions 
of Shin proteins that are thought to be intracellular. 
Some of these sites are found in the products of all 
the genes, some are found only in proteins encoded 
by a single gene, and some are specific to putative 
alternatively spliced isoforms. The consensus sites for 
three kinases are listed in Table IV. None of these 
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sites has been shown to be phosphorylated, although 
Critz et al (1993) reported inhibition of a KV3.1 chan- 
hel by phorbol esters that activate protein kinase C 
and we have seen inhibition of KV3.2 currents by 
cAMP-dependent phosphorylation (H. Moreno and 
B. Rudy, unpublished observations). 

Since alternatively spliced variants express nearly 
identical currents in Xenopus oocytes (see Section 
IV,D), and since they also appear to have similar ex- 
pression patterns in brain (see Section IV, H), the exis- 
tence of transcript-specific putative phosphorylation 
sites is especially interesting. 

H. Tissue and Cellular Distribution 
of ShIII Transcripts 

Studies of the distribution of Shlll mRNAs utilizing 
Northern blot and RNAse protection analysis, as well 
as in situ hybridization histochemistry (Drewe et al, 
1992; Pemey et al, 1992;^ Rudy et al, 1992; Weiser 
et al, 1994), have revealed a number of interesting 
features of the tissue distribution of S/iIII transcripts 
in rat. In addition, these studies have provided im- 
portant dues about which subunit combinations 
might occur in vivo. Although the specific localization 
of Shlll proteins remains to be determined, the mRNA 
localizations suggest where to begin searching for na- 
tive channels containing ShlSl proteins using electro- 
physiological methods. 

A Northern blot of mRNA isolated from various 
rat tissues hybridized with Sftlll gene-specific probes 
is shown in Fig. 6. The probes used in this experiment 
differentiate among the products of different genes 
but not among alternatively spliced variants of the 
same gene. KV3.1, KV3.2, and KV3.3 are expressed 
mairJy in the brain. Low levels of KV3,1 transcripts 
(mainly the 8-kb band) are also seen in skeletal muscle, 
whereas low levels of KV3.3 mRNAs are found in 
kidney and lung. According to Ghanshani et al. (1992), 
KV3.3 transcripts are also present in mouse liver, thy- 
mus, and heart. In contrast, KV3.4 transcripts are 
more abundant in skeletal muscle than in brain. KV3. 1 
(KV3.1a only), KV3.3, and KV3.4 products have also 
been identified in PCI 2 pheochromocytoma cells 
(Vega-Saenz de Miera et al, 1991,1992; Ried et al, 
1993). KV3.1 transcripts were also found in T lympho- 
cytes, in which they are thought to be a primary com- 
ponent of the L-type channel and in spleen 
(Grissmer ei al, 1992). 



^ KV3.1a and KV3.1/8 in Pemey et al. (1992) correspond to 
KV3.1b and KV3.1a, respectively, in Weiser et al (1994) and in this 
chapter. 



Quantitative analysis (Weiser et al, 1994) demon- 
strated that, in the adult rat brain, KV3.1 (KV3.1b) 
and KV3.3 transcripts were the most abundant S/iIII 
mRNAs. They appeared to be present in amounts 
similar to KV1.2 mRNAs, a S/iflter-related transcript 
(Chandy et al, 1991). KV3.1 (KV3.1b) and KV3.3 
mRNAs were -^3 times more abundant than KV3.2 
mRNAs, -^6 times more abundant than KV3.4 tran- 
scripts, and about 1/6 as abundant as Na"^ channel a 
subunit mRNAs. 

1. SMII Gene Expression during Development 

Little is known about the expression of ShlYL genes 
during development. Pemey et al (1992) found that 
low levels of KV3.1 transcripts were detected in the 
rat brain as early as embryonic day 19. By postnatal 
day 3 expression was detected in the cortex and in 
the hippocampus. A large increase in expression of 
these transcripts was seen, however, between the 7th 
and 14th day after birth. In fact, postnatal day 14 rats 
exhibited a pattern of expression in brain similar to 
that seen in the adult rat. KV3.2 mRNAs were also 
detectable in postnatal day 1 rat brains, but increase 
several-fold between day 10 and 15 (C. Kentros, un- 
published observations). 

2. Specific but Overlapping Expression of SMII 
mRNAs in the CNS 

In situ hybridization histochemistry has been used 
to study the distribution of ShWl mRNAs in the central 
nervous system (CNS) of adult rats (Drewe et al , 1992; 
Pemey et al, 1992; Rettig et al, 1992; Rudy et al, 1992; 
Weiser et al, 1994). The work by Pemey et al (1992) 
on KV3.1 and the work by Weiser et al (1994) on 
KV3.1, KV3.2, KV3.3, and KV3.4 include, in addi- 
tion to low-resolution X-ray autoradiography (which 
provides regional localization), a higher ceDular- 
resolution microscopic analysis of emulsion-dipped 
sections. The data from these two studies form the 
basis for the descriptive analysis presented here. 

As is the case with neurotransmitters, receptors, 
and other molecular markers, Shlll mRNAs were dis- 
tributed in a nonhomogeneous fashion throughout 
the CNS. In fact, some neuronal types (e.g., most 
neurons in the cerebral cortex, the caudate-putamen, 
the amygdala, the epithalamus, the hypothalamus, 
the substantia nigra compacta, and a few stmctures 
in the brain stem such as the inferior olive) did not 
appear to express significant amounts of any ShVl 
mRNAs. Interestingly, the main neuronal population 
of the caudate-putamen appears to express few Sh 
transcripts of the other subfamilies as well (Weiser et 
al, 1994). Of those tested, only probes for KV1.4 of 
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the Shi subfamily (Sheng et al, 1992) and KV4.2 of 
the ShW subfamily (Tsaur et al, 1992) labeled the 
caudate-putamen strongly. Only weak labeling was 
seen with S/zII probes (Drewe et al, 1992; Hwang et 
al, 1992). 

Based on the distribution of hybridization signals 
as well as on cell size and morphology of labeled cells 
in Nissl-counterstained sections, Pemey et al (1992), 
Rudy et al (1992)> and Weiser et al (1994) concluded 
that in the CNS SWII mRNAs were present mainly in 
neurons and not glia. In all cases, hybridization sig- 
nals were seen in the larger diameter cells with charac- 
teristics of neuronal somata. Moreover,, highly sensi- 
tive RNAse protection assays with RNA from glial 
cells cultured from rat neonate optic nerve and from 
C6 glioma ceUs did not detect KV3.1 transcripts (Per- 
ney ef a/., 1992). 

In the rat CNS, each Shlll gene was found to exhibit 
a unique pattern of expression. However, a significant 
degree of overiap was seen in the distribution of KV3. 1^ 
and KV3.3 mRNAs. Moreover, KV3.4 transcripts were' 
only present, ^albeit at lower levels, in several of the 
neuronal populations that also expressed KV3.1 and/ 
or KV3.3 mRNAs. The expression patterns of tran- 
scripts of the four SftUI genes in adult rat brain are 
illustrated diagramatically in Fig. 15. 

KV3.1, KV3.3, and KV3.4 exhibited patterns of ex- 
pression more similar to each other than that of KV3.2 
transcripts, thus defining two trends in the expression 
of Shin genes in the CNS. Many neurons expressing 
KV3.2 mRNAs expressed these transcripts predomi- 
nantly (relative to the other SftlU transcripts), if not 
exclusively (e.g., in thalamic relay neurons of many 
nuclei of the dorsal thalamus, and in neurons of the 
optic layer of the superior coUiculus and the locus 
coeruleus). At the same time, many regions that ex- 
pressed KV3.1, KV3.3, or KV3.4 mRNAs promi- 
nently—such as the cerebellar cortex, the spinal cord, 
the reticular thalamic nucleus, the inferior colliculus, 
and many nuclei in the brain stem— appeared to ex- 
press little or no KV3.2 transcripts. 

Other interesting features of Sftlll mRNA expres- 
sion were the differences between dorsal and ventral 
thalamus (Fig. 15). KV3.2 mRNAs were most abun- 
dant in thalamic relay neurons throughout the dorsal 
thalamus, but were weakly expressed in the reticular 
thalamic nucleus, a structure of the ventral thalamus. 
On the other hand, KV3.1 and KV3.3 mRNAs were 
much more abundant in the neurons of the reticular 
thalamic nucleus than in thalamic relay neurons of 
the dorsal thalamus. These two parts of the thalamus 
have been demonstrated to have different embryo- 
logical origins (Rose, 1942) and are functionaUy dis- 



tinct, since only the nuclei in the dorsal thalamus 
project to the cerebral cortex (Jones, 1985; Steriade et 
al, 1990). 

3. Transcript-Spedfic Expression 

The study by Weiser et al (1994) used gene-spedfic 
probes th^t did not distinguish among the alterna- 
tively spliced variants of each gene. In two cases, 
^KV3.1 (Pemey et al, 1992) and KV3.2 (Rudy et al, 
^1991), in situ hybridization with probes specific to al- 
ternatively spliced variants produced spatially identi- 
cal labeling patterns, suggesting that the variants of 
each gene are colocalized to the same neurons. Pemey 
etal (1992), however, noted differences in the devel- 
opmental expression of KV3.1a and KV3.1b tran- 
scripts in the rat brain. KV3.1a transcripts were more 
abundant prenatally and at earlier postnatal periods, 
whereas the reverse was true in the adult brain. 

4. Sftlll mRNA Expression Distinguishes among 
Subsets of Intemeurons in the Cortex, 
Hippocampus, and Caudate Putamen 

Sftin probes produced patchy labeling in the cere- 
bral cortex and the hippocampus (Pemey et al, 1992; 
Weiser et al, 1994). Higher magnification studies in 
these areas showed that these signals were caused by 
hybridization in a small number of neurons that were 
morphologically indistinguishable from other cells in 
the area. In addition, S/zIII probes labeled a unique 
subset of neurons in the caudate-putamen (Weiser 
et al, 1994). Therefore, subsets of neurons in these 
regions apparentiy can be distinguished by their ex- 
pression of ShYR mRNAs. 

Based on distribution and cell morphology, Pemey 
et al (1992) and Weiser et al (1993) concluded that 
the cells expressing Sftlll mRNAs in the neocortex 
were local circuit neurons which, in the rat cortex, 
represent a small percentage of the total neuronal pop- 
ulation. KV3.2 mRNAs were present in neurons lo- 
cated in layers IV- VI, resembling the distribution of 
Dl dopamine receptors and somatostatin binding 
(Weiser et al, 1994). KV3.1 mRNAs and, to a lesser 
degree, KV3.3 and KV3.4 mRNAs were present in 
cells located throughout layers II- VI, being more nu- 
merous in layer n and in the superfidal parts of layers 
III and rv. Thus, in X-ray autoradiograms, probes 
specific for KV3.2 mRNAs produced a band localized 
toward deep layers of the cortex, whereas KV3.1, 
KV3.3, and KV3.4 probes produced a double band: 
one in superfidal layers, which was more intense, 
and one in deeper layers (Pemey et al, 1992; Weiser 
effl/., 1994). 
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Shlll mliNAs were weakJy to moderately expressed 
in the pyramidal and granule cells of the hippocampus 
' (Fig. 15). In addition, KV3.1, KV3.2, and .KV3.3 
mRNAs were also expressed in specific subsets of 
intemeurons (Pemey et ai, 1992; Weiser et al, 1994). 
The differences in labeled intemeuron distribution 
were more notable in the CAl and hilar regions. The 
distribution of cells expressing KV3.2 mRNAs was 
similar to that reported for somatostatin immunoreac- 
Hvity (Weiser et al, 1994). Labeled cells were numer- 
ous in the stratum oriens in the CAl region as well 
as in the hilus. In contrast, the distribution of cells 
hybridizing with KV3.1 and KV3.3 probes resembled 
that for GABA or cholecystokinin (Pemey et al, 1992* 
Weiser et al, 1994). In the CAl region, labeled cells 
were seen along the stratum radiahim-pyramidalis 
border and along the stratum oriens-pyramidalis bor- 
der. In the area dentata, KV3.1- and KV3.3-labeled 
cells were more numerous in the borders of the granu- 
lar cell layer than in the hilus proper. Subsets of corti- , 
cal and hippocampal intemeurons have been de- 
scribed based on differences in morphology (DeFelipe 
and Jones, 1988; Zilles, 1990) or in the expression of 
various neurotransmitters, neuropeptides, and recep- 
tors (Somogyi et al, 1984; Douglas and Martin, 1990; 
Lin et ai, 1986; Sloviter and Nilaver, 1987; Demeu- 
lemeester et aZ., 1988; Woodson et ai, 1989; Zilles et 
al, 1990). 

In the caudate-putamen, Shlll probes labeled a 
very small number of neurons (Weiser et al, 1994) 



that were described to be a subset of small to medium- 
sized cells distinct from the large cholinergic local cir-* 
cuit neurons. Weiser et al (1994) hypothesized that 
the Shlll mRNA-containing neurons were a subpopu- 
lation of the principal GABAergic neurons that com- 
prise over 90% of the cells in the caudate-putamen, 
or perhaps yet another distinct subpopulation of in- 
temeurons. 

5. Coexpression of Shlll Transcripts in the Same 
Neuronal Populations Reveals a High Potential for 
Heteromultimer Formation 

Based on compelling evidence from overlapping 
labeling with multiple probes in easily identifiable 
neuronal populations, Weiser ef al (1994) concluded 
that neurons in several CNS areas are likely to coex- 
press transcripts of more than one ShTH gene. These 
investigators argued that heteromultimer formation 
is a potentially significant feature of the channels 
formed by subunits of the S/wz(r subfamily and raised 
the interesting possibility that the subunit composi- 
tion of heteromultimers could vary in different neu- 
rons since the ratio of overlapping signals changed 
from one neuronal population to another. 

The neuronal populations that may coexpress tran- 
scripts of distinct S/iffl genes include the mitral cells 
of the olfactory bulb; the principal neurons of the 
reticular thalamic nucleus, .the lateral leminiscus, the 
reticulo-tegmental nucleus of the pons, and the tri- 
geminal motor nucleus, which were labeled with 
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KV3.1 and KV3.3 probes; and neurons of the pontine 
nuclei and some cerebellar Purkinje cells, which were 
labeled with KV3.1, KV3.3, and KV3.4 probes. Coex- 
pression of KV3.1 and KV3.3 is also likely in the infe- 
rior colliculus and the reticular nuclei of the hindbrain, 
although the complex cytoarchitecture of these areas 
made it more difficult for Weiser et al. (1994) to assess 
whether cells were co-labeled. 

Other neuronal populations appeared to express all 
SWn mRNAs, albeit at different levels. These groups 
included the principal neurons of the globus pallidus, 
the subthalamic nucleus, the diagonal band of Broca, 
the substantia nigra pars reticulata, the zona^incerta, 
and the giant neurons of the gigantdcellular part of 
the red nucleus (see Fig. 15). In addition, thalamic 
relay neurons of some nuclei of the dorsal thalamus 
were found to coexpress KV3.2, KV3.1, and KV3.3 
mRNAs. 

6. Correlation between Expression Patterns of 
Shlll mRNAs and Other Neuronal Markers , 

Many, but by no means all, neurons expressing 
. S/iffl transcripts, particularly KV3.1, KV3.3, and 
KV3.4 mRNAs (e.g., intemeurons in the cerebral cor- 
tex and the hippocampus; the neurons of the reticular 
thalamic nucleus, globus pallidus, zona incerta, infe- 
. rior colliculus, nuclei of the lateral lemniscus, and the 
substantia nigra pars reticulata; and cerebellar Pur- 
kinje cells) are GABAergic, a feature first noted by 
Pemey et al (1992) for KV3.1 mRNAs. Although this 
extensive correlation is intriguing, note that some im- 
portant GABAergic systems, notably the main neu- 
ronal population of the caudate-putamen and the ol- 
factory bulb, do not appear to express these mRNAs. 
Moreover, some cells that express the mRNAs promi- 
nently, such as granule cells in the cerebellum and 
thalamic relay neurons, are not GABAergic but do 
receive GABAergic input. Perhaps channels con- 
taining these subunits mediate the effects of putative 
GABAb receptors. 

The resemblance between the distribution of KV3.2 
mRNAs in the cerebral cortex and the localization 
of somatostatin receptors is also interesting. So- 
matostatin has been shown to modulate a voltage- 
dependent K"^ current in cultured rat neocortical neu- 
rons that resembles KV3.2 currents in Xenopus oocytes 
in voltage dependence and kinetics (Wang et al, 
1989). 

Other than these similarities, no obvious common 
characteristics of the neurons expressing any or all 
Shm transcripts were found. Such a correlation would 
have provided strong hints about the functional role 
of Shin subunits. However, the lack of correlation is 
not necessarily surprising. There are multiple recep- 



tors for most neurotransmitters and neuropeptides, 
each acting on different second messenger cascades. 
In addition to this divergence, *ere is a convergence 
of different neurotransmitter arid neuropeptide recep- 
tors eliciting the same second messenger response. 
Further, a given voltage-gated K"^ charmel could play 
different roles in different neurons or even in different 
places in the same neuron. In some cells, this channel 
may mediate the response to one neurotransmitter, 
wheijeas in another cell it could mediate the response 
to another neurotransmitter acting on the same sec- 
ond messenger system. Moreover, the same channel 
could be affected by more than one kinase and, hence, 
mediate the effect of a different second messenger 
system in a third group of cells, and play a role as a 
voltage-gated chaimel independent of second mes- 
senger modulation in another group of cells. 

7. Searching for Candidate Native ShIII 
Channels 

One approach to identifying native channels con- 
taining cloned K"^ channel subunits is to search for in 
vivo currents that resemble the currents expressed by 
these subunits in heterologous expression systems. 
Using such a strategy, investigators have found some 
attractive candidates, although adequate methods to 
prove unequivocally that the candidate channels con- 
tain a given suburut are unavailable. For example, 
Pardo et al. (1992) found that an A current recorded 
in rat cultured hippocampal neurons resembled the 
currents expressed in vitro by KV1.4 transcripts, of 
the S/iaiter-related subfamily, in voltage dependence, 
pharmacology, and kinetics, including a slow recov- 
ery from inactivation. Moreover, the native current 
was greatly reduced when the cell was perfused with 
K^-free solution, returning to normal when the exter- 
nal K"^ was restored. Among several Sh channels 
tested in Xenopus oocytes, only KV1.4 charmels were 
similarly affected by K+-free solutions (Pardo et al, 
1992). 

Another example is the N-type K"^ channel in T 
lymphocytes, which resemble the channels expressed 
in Xenopus oocytes by KV1.3 transcripts, also of the 
Shaker-relaied subfamily (Grissmer et al., 1990), in 
many macroscopic and microscopic properties. More- 
over, KVl .3 channels in Xenopus oocytes were the only 
known cloned channel blocked by margatoxin, 
a peptide derived from the venom of the scorpion 
Centruroides margaritus, which also blocks the N-type 
K"^ charmel in lymphocytes (Novick etal, 1991; Leo- 
nard eta/., 1992). 

A different and interesting situation is encountered 
in the case of charmels of the S^flZ-related subfamily. 
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A SAflZ-related transcript, KV4.2, expresses currents 
in Xenopus oocytes that resemble the low voltage- 
activating A currents that have been recorded in sev- 
eral neuronal types (Baldwin et ah, 1991; Pak et al, 
1991) and those seen in Xenopus oocytes injected with 
rat brain poly(A) mRNA (Rudy et al, 1988). KV4.2 
currents activate and inactivate near neuronal resting 
potentials, are insensitive to TEA but are blocked by 
.millimolar concentrations of 4-AP, and have macro- 
scopic time constants of inactivation that do not 
change v^th the membrane potential. However, 
KV4.2 currents in Xenopus oocytes recover very slowly 
from inactivation unlike typical low voltage-activating 
A currents found in neurons or those seen in oocytes 
injected with rat brain mRNA. Antisense hybrid- 
arrest experiments demonstrate that KV4.2 subunits 
indeed constitute a main component of the low 
voltage-activating A current that is expressed in Xeno- 
pus oocytes injected with rat brain mRNA (Serodio et 
al, 1992). Serodio et al (1992) suggested that addi-^ 
tional proteins encoded in total rat brain mRNA (per- 
haps other channel subunits or modifying enzymes) 
are responsible for the differences between KV4.2 
channels and those expressed from brain mRNA. Na- 
tive channels might be similarly modified by these 
putative additional proteins. Chabala et al (1992) also 
obtained evidence for the existence of modifying fac- 
tors for another S/ia/-related transcript, KV4.1, that is 
much less abundant in brain than KV4.2 (P. Serodio 
and B. Rudy, unpublished observations). The situa- 
tion encountered with these Sh channels is reminis- 
cent of that of the rat brain Na"^ channel a subunit 
which, when expressed in Xenopus oocytes, has inacti- 
vation properties that are different from those of na- 
tive Na^ channels, Co-injection with rat brain Na^ 
channel jS subunits results in the expression of chan- 
nels that more closely resemble native Na"^ channels 
(Isom et al, 1992). 

Regarding the identification of native charmels 
containing ShUl subunits, Grissmer et al (1992) pro- 
posed that the L-type K"^ channel in T lymphocytes 
is probably a homomultimer of KV3. 1 subunits. These 
workers found that macroscopic KV3.1 currents in 
oocytes were indistinguishable from those of the L- 
type channel in T cells expressing KV3.1 RNAs. To 
eliminate differences resulting from different solutes 
across the membrane, Grissmer et al (1992) made all 
their recordings in excised patches using identical so- 
lutions across the patch. The single-charmel conduc- 
tance of KV3.1 channels in Xenopus oocytes under the 
recording conditions used (27 pS) was also found to 
be very similar to that of L-tjrpe K"^ charmels in mouse 
and human T lymphocytes (21-27 pS). Moreover, 
KV3.1 RNA was not found in cells containing little or 



no L-type channels, such as the EL4 mouse T cell line 
(Grissmer etal, 1992). 

Another native channel proposed to contain 
Shlll subunits (Vega-Saenz de Miera and Rudy, 1992) 
is the 02-sensitive channel present in type I cells 
of the carotid body (Lopez-Barneo et al, 1988; Lopez- 
Lopez et al, 1989; Urena et al, 1989; Ganfomina and 
Lopez-Bameo, 1991,1992a,b). Lopez-Barneo and col- 
leagues hypothesized that the modulation of the activ- 
,ity of this K^, charmel by changes in arterial O2 tension 
is one of the initial triggering events of the sensory 
response to changes in pOz in the carotid body (Lopez- 
Bameo et al, 1988; Lopez-Lopez et al, 1989; Urena et 
al, 1989; Ganfomina and Lopez-Bameo, 1991, 
1992a,b). The Poj-sensitive current in type I cells of the 
carotid body is a TEA-sensitive, voltage-dependent, 
transient K*^ current that activates when the mem- 
brane potential is more positive than -20 mV. Of 
all doned channels, only two Sftlll charmels— 
KV3.3 and KV3.4— express transient, TEA-sensitive, 
voltage-dependent K"^ currents requiring voltages 
more positive than -20 mV to activate in Xenopus 
oocytes. The kinetics of the pOj-sensitive current, es- 
pecially its time course of inactivation, are particularly 
similar to the currents expressed by KV3.3 mRNAs 
(KV3.4 currents inactivate much more rapidly). How- 
ever, heteromultimers of KV3.4 and other ShIII pro- 
teins have intermediate inactivation properties (see 
Section IV,E); therefore, heteromultimers of KV3.4 
and KV3.3 or KV3.4 with Shlll proteins expressing 
noninactivating channels could also produce currents 
similar to those of the p02-sensitive channel. Interest- 
ingly, PGR experiments demonstrate tiiat KV3.3 
mRNAs are present in the rabbit carotid body (E. 
Vega-Saenz de Miera and B. Rudy, unpublished ob- 
servations). The pOj-sensitive channel has been well 
characterized at the single-channel level (Ganfomina 
and Lopez-Bameo, 1991,1992a,b). Microscopic analy- 
sis of KV3.3 charmels (or other ShlR channels) in heter- 
ologous expression systems may aUow a more de- 
tailed comparison with the native channel. 

Ito et al (1992) recorded oocytes injected with 
KV3.1a cRNA with long (5 sec) depolarizing pulses 
to characterize the slow inactivation of KV3.1a cur- 
rents and to compare these currents with a slowly 
inactivating current found in NG108-15 cells (Robbins 
and Sims, 1990) expressing kV3.1a mRNAs (Yoko- 
yama et al, 1989). Although the NG108-15 currents 
showed some resemblance to KV3.1a currents in oo- 
cytes, they began activating at more negative voltages 
and are much less sensitive to extemal TEA. 

Given the results of mRNA expression studies, one 
would expect to find ShVl channels in several CNS 
neurons. However, the most notable feature is the 



general lack of resemblance of in vitro Shlll channels 
to typical K"*" currents seen in somatic recordings of 
neurons. For example, KV3.2 mRNAs appear to be 
most abundant in thalamic relay neurons. Two de- 
layed rectifier currents, Iri and Ik2. and a low voltage- 
activating transient current have been described in 
acutely dissociated thalamic relay neurons (Hugenard 
and Prince, 1991). None of these currents shows prop- 
erties identical to those of KV3.2 channels in Xenopus 
oocytes (or those expected of any KV3.2 heteromul- 
timeric combination). Iki/ which accounts for oiJy 2% 
of the total outward current, is similar to KV3.2 chan- 
nels in voltage dependence and sensitivity to TEA, 
but is proposed to be Ca^*^ activated and is more sensi- 
tive to 4-AP, whereas Ik2 activates at more negative 
voltages and is less sensitive to TEA. 

Attempts at similar comparisons between the 
currents recorded in cerebellar Purkinje cells (Bossu 
et al, 1988; Gahwiler and Llano, 1989; Hirano and 
Ohmori, 1986) and the currents expressed in oocytes 
by the S/iIII transcripts present in these cells 
(KV3.3 » KV3.4 > KV3.1) present difficulties that 
may explain why we are unable to find many dear- 
cut examples of in vivo currents in neurons expressing 
Sfilll mRNAs similar to those of in vitro ShYil charmels. 
The isolation of individual components of the total 
current is often tailored to the goals of a particular 
investigation. If the native ShBl currents in a given 
cell do not constitute a major portion of the total K"*^ 
current, they could be masked by currents with over- 
lapping electrophysiological and pharmacological 
properties. For example, none of the currents de- 
scribed in cultured cerebellar Purkinje cells is very 
similar to the currents expressed in oocytes by KV3.3 
RNAs (which are abundant in cerebellar Purkinje 
cells) or by mbctures of KV3.3 and KV3.4 or KV3.1 
RNAs. However, KV3.3 currents could account for 
some of the inactivating component of the "main- 
tained," TEA-sensitive outward current seen in Pur- 
kinje cells in organotypic cultures, or some of the slow 
components of the transient current (Gahwiler and 
Llano, 1989). Because of the difficulties in isolating 
K"^ current components, electrophysiological experi- 
ments specifically designed to search for native chan- 
nels with properties similar to those of SMII channels 
in vitro might be required before considering other 
reasons for the apparent lack of correspondence be- 
tween native and oocyte currents. 

At least three additional explanations are possible 
for the apparent lack of oocyte-Hke Shlll currents in 
neurons expressing S/zlII mRNAs. First, voltage- 
clamp studies from neurons often use dissociated em- 
bryonic or early postnatal tissue, which may not 
express S/iIII subuhits. Second, native channels con- 



taining S/zIII proteins might have, at least in some cell 
populations, electrophysiological properties different 
from those of in vitro S/iIII channels because of as yet 
unknown factors (additional subunits, posttransla- 
tional modifications, membrane lipid composition, 
etc.). Finally, SWII channels might be more prominent 
in neuronal processes or terminals not accessible to 
the electrophysiological methods used. 



/. Mammalian-Like ShIII Genes Might Be a 
Recent Evolutionary Acquisition 

The coding sequence of one ShIII transcript 
(KV3.1a) has been sequenced in rodents (Yokoyama 
et al, 1989; Ried et al, 1993) and in humans (Ried et 
al, 1993). In addition, sequence information is avail- 
able on exon 2 of the human KV3.2 (D. Lau, E. Han, 
E. Vega-Saenz de Miera, and B. Rudy, unpublished) 
.and KV3.3 (Lee and Roses, GenBank accession num- 
ber Z11585) genes which can be compared with the 
corresponding sequences from KV3.2 and KV3.3 ro- 
dent cDNAs (T. McCormack et al, 1990,1991; Luneau 
et al, 1991b; Ghanshani et al, 1992; Rudy et al, mi; 
Vega-Saenz de Miera et al, 1992). The sequence of 
the constant region (prior to the divergent 3' ends) of 
KV3.4 in human (Rudy et al, 1991b) and in rat 
(Schroter et al, 1991) is also available. This partial 
comparative information can be used for a preliminary 
assessment of the degree of conservation of S/iffl pro- 
teins throughout mammalian evolution (Table V). In 
all cases, the predicted proteins are highly conserved. 
For example, only a single amino acid difference is 
seen in the 511 residues of KV3.1a in rat and human. 
The degree of conservation of ShHI proteins is similar 
to that seen in the histones, the most conserved pro- 
teins known, and is indicative of very strong selection 
for the differences in structure and function of the pro- 
tein products of the four Shffl genes. Conservation 
throughout the length of the protein is not required 
for assembly into functional channels since different 
S/iIII proteins (with 70-80% amino acid identity) can 
form functional heteromultimeric channels. The con- 
servation of the amino domain of KV3,4 could be 
associated with preserving the inactivation properties 
determined by this domain (Section IV,G). However, 
the consequences of the conservation of other por- 
tions of polypeptides that are not conserved among 
different members of the subfamily (i.e., the sequence 
C-terminal to the sbcth membrane-spanning domain 
in KV3.1a, and the sequence of the linkers between 
the first and the second and the second and the third 
membrane-spanning domains in the four genes) are 
less clear, but may signify that these regions are also 
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TABLE V Fraction of Identical Amino Acids in Analogous Positions in Pairs of Human 
and Rodent Skill Channel Proteins" 
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■ Human genes are capitalized, rodent genes are lower cased. 



important for specific roles of the protein products of 
each S/zIII gene. 

The functions that are being preserved are probably * 
not merely- the electrophysiological properties of the 
channels. For example, strong interspecific conserva- 
tion is seen in KV3.1 and KV3.2 proteins, but both 
express currents that are very siniUar in voltage de- 
pendence, kinetics, and pharmacology in Xenopus oo- 
cytes. Additional comparative studies may shed some 
light on the nature of the functions that are being 
preserved. Alternatively, these proteins could be 
functionally identical, but their expression could be 
spatiotemporally distinct. Thus, both genes could be 
maintained only to allow for the expression of certain 
K"^ channels through mutually exclusive develop- 
mental pathways. However, the preliminary compar- 
ative analysis shows that the differences between the 
two proteins are conserved among spedes, implying 
that areas with gene-spedfic sequence encode func- 
tionally distinct domains. Information on the conser- 
vation of the divergent 3' ends, now almost com- 
pletely lacking (except for the carboxyl end of KV3. la), 
may also be enlightening. The conservation seen to 
date suggests that, after duplication and subsequent 
variation, each one of the ShUl gene products seen in 
mammals has been incorporated into an important 
function that cannot be substituted by another mem- 
ber of the same subfamily. 

As described in the introduction, mammalian prod- 
ucts of a given Sh subfamily are more similar to one 
of the four Shaker-related genes in Drosophila than to 
a mammalian product of a different subfamily, indicat- 
ing that precursor genes to each subfamily existed 
prior to the divergence of chordates and arthropods. 
ShUl proteins are more similar to the products of the 
Drosophila Shaw gene (Butier et a/., 1989) than to other 



Drosophila or mammalian Sh proteins (Yokoyama et 
al, 1989; T. McCormack et al, 1990,1991; Luneau et 
flZ., 1991a,b; Rudy et «/., 1991a,b,1992; Schroter et al, 
1991; Ghanshani et al, 1992; Vega-Saenz de Miera et 
al, 1992). However, the percentage of amino add 
identity seen between mammalian Sftlll proteins and 
Shaw (49-56%) is less than that seen between mamma- 
lian and fly homologs in the other three subfamilies 
(70-80%) (Yokoyama et al, 1989; T. McCormack et 
al, 1990; Luneau et al, 1991a,b; Rudy et al, 1991b; 
Schroter et al, 1991; Ghanshani et al, 1992; Vega- 
Saenz de Miera et al, 1992). Perhaps even more sig- 
nificant is the fact that, although S/zIII proteins are 
more similar to Shaw in certain regions of the protein, 
they are more similar to members of other Sh subfami- 
lies in the so-called S4 domain and in the sequences 
near this domain (Table VI). Consistent with this fea- 
ture, the channels expressed by mammalian ShUl 
cDNAs in Xenopus oocytes differ considerably more 
from those expressed by Shaw than do members of 
the other subfamilies from their Drosophila homologs 
(compare mammalian SftlU currents described in Sec- 
tion IV,D with those expressed by Shaw; (Wei et al, 
1990). 

The mechanism of evolution of mammalian-like 
S/iUI subfamily genes may have been different from 
that of the genes in the other subfamilies. Assuming 
that mammalian-like ShUL genes are the homologs of 
the Shaw.^ene, several mechanisms can be postulated. 
If the hypothetical precursor of mammalian-like SAIII 
genes and Shaw resembled mammalian-like ShUl 
genes, Shaw might have arisen by accelerated di- 
vergence in the evolutionary line leading to arthro- 
pods. Alternatively, if the precursor resembled Shaw, 
mammalian-like SWII genes may have evolved by 
parallel evolution or gene conversion events. The 
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TABLE VI Amino Acid Conservation of Several Domains of Sh Proteins" 



Fraction of identical residues in KV3.2 and ShK* channels of several subfamilies 



Protein domains 


KV3,2/Shaw 


KV3.2/KV2.1 


KV3.2/KV1.1 


Nrii domain'^ 


0.67 


0.47 


0.34 


SI 


0.55 


0.36 


0.55 


S2 


0,55 


0.50 


•0.41 


S3 


0.43 


0.48 


0.38 


54 


0.45 


0.50 


0.64 


S4-S5 linker 


0.50 


0.64 


0.57 


S5 


0.55 


0.45 


0.45 


H5 


0.76 1 


0.71 • 


. 0.81 


S6 


.0.91 


0.68' 


0.82 



Fraction of identical residues in rat and Drosaphila Shi and SWI proteins 



Protein domains - 


• ' KVl.VShaker 


KVLVShab 


NH2 domain'' 


0.77 


0.67 


si 


0.77 


0.73 


S2 


0.77 


0.77 


S3 


0.81 


0.71 


S4 


1.00 


0.91 


S4-S5 linker 


0.93 


0.86 


. S5 


0.95 


0.77 


H5 


0.86 


0.71 


S6 


1.00 ^ 


0.77 



" The upper panel compares domains of KV3.2 proteins with the corresponding 
domains of Shaw (the fly homolog) and mammalian protems of other subfamilies. The 
lower panel compares the same domains in fly and mammalian proteins of Shaker and 
Shab subfemilies. 

* Refers to the area of the amino domain containing subunit recognition domains 
(see Section IV,G). 



mosaic-like similarities of mammalian Sftlll proteins 
and Sh genes of different subfamilies (Table VI) sug- 
gest gene conversion events. Whatever the mecha- 
nism, mammalian-like Shlll genes appear to be more 
specific to species in the evolutionary line leading to 
mammals. This factor may be important in consider- 
ing possible functional roles of S/zIIL proteins, and 
justifies further studies on the evolution of these 
genes. 



V. Summary and Perspectives 

We have presented a discussion of the salient fea- 
tures of a subfamily of genes encoding putative sub- 
units of voltage-gated chaimels; the S/wii^related 
or Sftni subfamily. Four Sftin genes have been identi- 
fied, each generating multiple transcripts by alterna- 
tive splicing. A total of 11 different ShlU cDNAs has 
been cloned. The various alternatively spliced tran- 
scripts from Shm genes express voltage-gated K*^ 
channels in heterologous expression systems that acti- 
vate at depolarized potentials more positive than 
-lOmV. Transcripts of two genes (KV3.1 and KV3.2) 
express delayed-rectifier type currents whereas tran- 



scripts of the two other genes (KV3.3 and KV3.4) ex- 
press A-type inactivating currents. ShUl currents can 
exhibit a wide range of inactivation properties as a 
result of the formation of heteromultimeric channels 
among different ShJH subunits. The specific but over- 
lapping distribution of some ShUl mRNAs in rat brain, 
particularly the products of the KV3.1, KV3.3, and 
KV3.4 genes, lends credence to the idea of a system 
of heteromultimeric ShUl channels in the mammalian 
CNS. KV3.2 transcripts, which are expressed in many 
neurons that do not express transcripts of the other 
genes, may constitute a second independent channel 
system. Studies described in this chapter, particularly 
those localizing ShJH mRNAs to various tissues and 
neuronal populations in the CNS as well as those 
identifying candidate ShUl currents in vivo, represent 
important first steps in determining the exact relation- 
ship between cloned ShUl channel subunits and 
their in vivo correlates. 

Perhaps the most important tools needed to pursue 
the identification of native ShUl channels in neurons 
and to gain insight into their functional role are 
subunit-specific antibodies. These antibodies are nec- 
essary to determine the localization of ShUl proteins 
to different regions of the neuronal membrane. The 



4. Shsiw-Related R-*- Channels in Mammals 



73 



mRNA expression studies discussed here suggest (see 
also Weiser et al, 1994) the interesting possibility that 
native ShUl channels may vary in subunit composition 
from one neuronal population to another, with one 
suburut type dominating in one case and another do- 
minating in another case. If we accept this possibility 
then, by extension, subunit composition in a given 
cell may change as a function of time, for example, 
throughout development or in response to activity 
or specific stimuli. In this manner> channel subunit 
composition could contribute to neuronal plasticity. 
Subunit-specific antibodies would be extremely useful 
to test these ideas. Antibodies could also be used to 
determine subunit composition of native channels im- 
munoprecipitated from membrane extracts. 

The identification of native Shlll channels to date 
has relied on finding similarities between the physio- 
logical properties of native channels and those of ShlU 
chaimels expressed in heterologous expression sys- 
tems. Additional electrophysiological studies in heter- 
ologous expression systems, including determining 
the effects of second messenger cascades, will provide 
more clues that can be used to identify native ShUl 
charmels and to understand the functional role of ShVI 
proteins in vivo. The goal of identifying native ShUl 
channels would be greatly facilitated, however, by 
the successful implementation of techniques that can 
specifically eliminate the currents expressed by a 
given Shlll channel. Such techruques would include 
novel channel-specific toxins as well as molecular 
techniques such as antisense hybrid arrest (Lotan, 
1992) and gene knockout techruques in transgeruc 
mice. 

Studies on the regulation of expression of K"^ chan- 
nel subunits in the nervous system could illuminate 
the longer term processes involved in its normal and 
pathological functions. Such studies would be with- 
out physiological context if we are uncertain of the 
nature of the currents produced by these subunits 
in vivo. This difficulty alone justifies the somewhat 
daunting task of identifying native Sh channels. 

Moreover, the identification of channel proteins by 
cloning, in conjunction with approaches that allow 
the identification of the in vivo channels containing 
those proteins, can lead to the discovery of new, pre- 
viously undescribed channels. This possibility is not 
surprising considering the current limitations of elec- 
trophysiological techniques, including the existence 
of electrophysiologically inaccessible neuronal pro- 
cesses and pre- and postsynaptic terminals. Studies 
with cloned chaimels in vitro may also lead to the 
discovery of new forms of channel function and 
modulation, as in the discovery by Ruppersberg et 
al: (1991b), descril^ed earlier in this chapter, that 



channels may be modulated by the oxidation of cys- 
teine residues. 

Note added in proof: (1) AttaU et al (1993a) have proposed that 
the IsK protein may not be a channel but rather an activator of 
endogenous or Cr channels present in Xenopus oocytes. 
(2) Sheng et al. (1993) and Wang et al (1993) have shown co- 
precipitation of two different proteins of the Shaker subfamily 
from solubilized membrane extracts in the presence of an anti- 
body against oiUy one of the proteins. These results are strong 
evidence that heteromultimeric channels exist in vivo, (3) Phorbol 
esters that activate protein kinase C have been shown to block 
in^ctivation of Ky3.4 channels presumably as a result of phos- 
phorylation of serines or threonines in the N-terminal insert medi- 
ating N-inactivation of these channels (Vyas et al., 1993). (4) The 
existence of mRNA isoforms generated by altematively-splidng 
has now been demonstrated as well for a mammalian Shaker 
homolog (Attali et al, 1993b) and for a mammaUah Shab homo- 
log (D. Lau and B. Rudy, unpublished observations). 
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